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INTRODUCTION 
Barium titanate has been an important electronic 
ceramic material for over thirty years. This highly versa­
tile ceramic compound came into existence as a result of some 
early (circa 1938-1945) product-oriented research carried out 
on divalent metal titanates, zirconates, and stannates by 
the Titanium Alloy Manufacturing Company (1). These experi­
ments produced the first of the high dielectric constant 
ceramics. 
As a result of the concentrated search for a World War II 
replacement for capacitor-grade mica, barium titanate received 
much experimental attention. This wartime research revealed 
that barium titanate and the barium-strontium titanate solid 
solutions were a new class of ferroelectric materials (2). 
This new material, barium titanate, had the unique property 
of being a ferroelectric at room temperature with a high 
relative dielectric constant. As more investigators turned 
their attention to this coiiçxjund, more new and interesting 
properties were discovered, until barium titanate and its 
solid solutions emerged as the pivotal materials in the field 
of electronic ceramics. 
Originally, the high relative dielectric constant of 
barium titanate made it a suitable material with which to 
fabricate capacitors. As a room temperature ferroelectric, 
barium titanate may find applications utilizing its remnant 
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polarization in switching circuitry and memory hardware. 
In a reduced or doped form^ barium titanate is a semiconductor 
with a large positive teimerature coefficient of resistance 
over the tenterature range near the Curie point. This effect, 
coupled with the change in the Curie point accompanying the 
substitution of various ions for the barium and/or titanium 
ions, has resulted in thermistor devices. The very high 
piezoelectric coupling coefficient has prompted the use of 
barium titanate as a transducer material. Barrier layer 
capacitors (doped barium titanate which has been reduced 
and subsequently had its surface layers reoxidized) are of 
more current interest. 
Due to its chemical and mechanical stability, its unique 
electrical properties, and its ease of fabrication as a poly-
crystalline product, barium titanate is of interest from the 
viewpoint of practical applications. In addition, barium 
titanate is also interesting to basic scientists, as it has 
by far the most simple and open structure of any known ferro­
electric material. This feature has resulted in barium 
titanate being the most extensively investigated of the ferro­
electric materials (3). It has, to date, become the focus 
of both theoretical and experimental studies of ferro-
electricity. ^ 
Much interest has been expressed in the behavior of non-
stoichiometrie barium titanate with various investigators 
employing a variety of research schemes to elucidate the 
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properties of the doped or reduced material. The purpose of 
this work is to investigate the non s to ichiome tr ic behavior 
of barium titanate as evidenced by the minute changes in 
weight accompanying the nonstoichiometrie state. Specifi­
cally, the author will investigate a high-purity barium 
titanate utilizing a vacuum microbalance to discern the 
changes in stoichiometry resulting from changes in sairç>le 
temperature and changes in the oxygen partial pressure of the 
gaseous atmosphere surrounding the specimen. This work will 
attempt to delineate the temperature and oxygen pressure 
dependence of the deviation from stoichiometry of pure barium 
titanate as well as to demonstrate the feasibility of the use, 
to high precision, of a vacuum microbalance under dynamic gas 
flow conditions at elevated temperatures. The defect 
structure of barium titanate will be subject to interpreta­
tion in light of these thermogravimetric data. 
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REVIEW OF LITERATURE 
Physical Characteristics of BaTiO^ 
Barium titanate is unique from the isomorphous, earlier-
known ferroelectric materials in that it is a ceramic 
material exhibiting typical ceramic characteristics. Barium 
titanate has a high melting point of 1618®C (3), is insoluble 
in water, and has a theoretical density of 6.20 gm/cm^ in the 
cubic structure and 6.017 gm/cm^ in the tetragonal structure 
(4). In fired form, barium titanate is brittle, but not so 
brittle as to preclude forming into widely applicable shapes. 
Barium titanate has a translucent yellow appearance in pure 
form with an index of refraction of 2.40 at room temperature 
which increases with temperature to go through a poorly-
defined maximum of 2.46 at the 120°C transition temperature 
(5) . 
Barium titanate which contains iitç>Tirities e^diibits a 
phototropic darkening which is reversible upon heating. Since 
"purity" is always a matter of degree, this effect is present 
in some degree in all barium titanate powders. Of interest 
is the return of the normally creamy-white colored powder to 
a "pure" yellow upon slight heating. The author observed 
this behavior for his hi^ purity powder in a pressed and 
fired specimen. Near 200®C the color of this material was 
"canary" yellow, a color attributed to extremely high purity 
barium titanate. When heated to 100°C, no noticeable color 
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change resulted. It was hoped that studies on the absorption 
edge in barium titanate would provide a clue to this color 
anomaly, but the single crystal investigations of Hurie, et 
al., (6) and Berglund and Br aim (7) indicate no particular 
anomaly at the tetragonal-cubic transition. It is speculated 
that the impurity level of the powder is the controlling 
factor which determines optical absorption near room tenpera-
ture. As the temperature is increased, this iirpurity effect 
becomes less and less dominant until intrinsic behavior 
determines the energy level of absorbed and transmitted 
spectra. 
Crystal Structure of BaTiO^ 
Barium titanate can exist in five distinct polymorphic 
crystalline configurations; three (tetragonal, orthorhombic, 
and rhombohedral) which are ferroelectric, and two (cubic 
and hexagonal) which are paraelectric. The tetragonal form 
is the most important commercially, as it is the stable 
crystal structure at room temperature while continuing to 
exhibit ferroelectric behavior over a temperature range (0-
120®C) which permits use in many varied applications. The 
greatest portion of this research will be carried out in 
temperatures and oxygen pressures where the cubic polymorph 
is stable. However, at the highest research teiiç)eratures 
and under reducing conditions, the hexagonal phase may be 
encountered. 
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Above 120"C, bariim titanate exhibits a nonpolar, ciibic 
phase (point group inSia) which is commonly referred to as the 
"perovskite" structure, this structure being typified by 
CaTiOg, the mineral perovskite (8). The unit cell, repre­
sented in Figure 1, has a cell edge of approximately 4 S, and 
each cell contains one formula unit [9) . The barium and oxy­
gen ions form a close-packed cubic structure with each barium 
ion being coordinated with twelve oxygen ions, while the ti­
tanium ions exist in the octahedral interstices of the oxygen 
ions. Most sources, when discussing the crystalline tran­
sitions which occur in barium titanate, employ the extensive 
data of Kay and Vousden (10) which relate the transitions to 
distortion of the cubic unit cell. Figures constructed by 
Carlsson (11) using this data are shown in Figure 2. 
Upon cooling below 120°C, barium titanate undergoes a 
rapid displacive inversion into a polar phase which is 
tetragonal (point group 4mm). A small shift in the positions 
of the 03Qrgen ions and the titanium ions in relation to the 
positions of the barium ions results in an elongation of 
approximately one per cent of one of the cube edges, the 
remaining two cube edges being slightly compressed (Figure 
2, b). The tetragonal unit cell contains one formula unit. 
The polar direction is the direction of elongation, which may 
be along any of the six equivalent <100> directions in the 
cubic phase. 
o O 
Ti 
o 
Bo 
Figure 1. Cubic perovskite structure of BaTiO^ 
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Figure 2. Unit cells of the four phases of BaTiO, 
The original cubic cell is shown for comparison 
in each case. The arrows indicate direction of 
elongation and polarization. (a) Cubic, stable 
above 120°C. (b) Tetragonal, stable between 
120®C and 0®C. Elongated along a cube side, 
(c) Orthorhombic, stable between 0°C and -90®C. 
Elongated along a surface diagonal (two cube 
sides). (d) Rhombohedral, stable below -90°C. 
Elongated along a body diagonal (three cube 
sides) . 
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At about 0°C, another structural transition occurs by 
means of a rapid displacive inversion mechanism. A new 
ferroelectric phase possessing orthodiombic symmetry (point 
group mm) is formed by the elongation of one face diagonal 
of the cubic unit cell, while the third axis undergoes no 
directional change (Figure 2, c). The orthorhombic unit cell 
contains two formula units. The polar direction or the 
direction of spontaneous polarization is again in the 
direction of elongation, which may lie parallel to any one 
of the twelve <110> directions in the cubic unit cell. 
Continued cooling through -90°C will produce yet a third 
ferroelectric polymorph of barium titanate. This displacive 
inversion yields a rhombohedral (point group 3m) structure 
by elongation or compression of one of the body diagonals of 
the original cubic unit cell (Figure 2, d) . The rhombohedral 
unit cell contains one formula unit. Spontaneous polariza­
tion in the rhombohedral phase may occur in any one of the 
eight equivalent <111> directions of the original cubic unit 
cell. 
The above four polymorphic forms of barium titanate are 
stable within their discrete temperature ranges. The in­
versions are marked by very rapid displacive reactions involv­
ing only slight shifts in ionic positions, thereby making it 
all but impossible to "quench" one polymorphic form into the 
temperature stability range of another. It is worth noting 
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that the inversion tenperatures are sensitive to impurity 
concentration, as Wenple, al. (12) noted an increase of 
13°C in the tetragonal-cubic transition temperature and an 
increase of 4®C in the tetragonal-orthorhombic transition 
temperature when contrasting flux-grown crystals with the 
more pure meIt-grown crystals. These polymorphic inversions 
are accompanied by anomalous discontinuities in the physical 
and electrical properties of barium titanate, the discon­
tinuities persisting over a limited temperature range on both 
sides of the inversion temperature. 
While the previously mentioned polymorphic forms of 
barium titanate were all formed by rapid, displacive 
inversion mechanisms and have discrete stability ranges; the 
hexagonal polymorph, encountered at 1460°C in air, can per­
sist metastably to room temperature and undergoes transition 
through a sluggish, reconstructive inversion process (13). 
This hexagonal phase (point group mmc) is made up by close-
packing six layers of barium and oxygen ions (in a 1:3 ratio 
respectively) with a stacking sequence of ABCACB, thereby 
creating oxygen-coordinated octahedral voids between layers . 
The titanium ions reside in these voids. This distinctive 
polymorph features cell dimensions of a^ = 5.735 & and c^ = 
14.05 R, while each unit cell contains six formula units (14). 
The sharing of faces among TiOg octahedra to form Ti20g co­
ordination groups is highly unusual, and this propensity is 
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pointed out as a notable exception to certain of Pauling's 
rules for complex ionic structures. The possible existence 
of additional hexagonal polymorphs is predicted due to this 
existence of TigO^ coordination groups (14) . 
Increased interest in the hexagonal polymorphic form of 
barium titanate has resulted because of the excellent suit­
ability of this structure for barrier-layer dielectrics. 
The cubic-hexagonal inversion temperature has been investi­
gated, and it is seen that this inversion may be obtained in 
hydrogen at 1330°C and as low as 1100°C with certain selected 
additives (13). Therefore, this polymophic form may be 
present to some degree in this thermogravimetrie study of 
barium titanate, as reducing conditions will be experienced 
at temperatures as high as 1400®C. 
The Ferroelectric Nature of BaTiO^ 
Barium titanate is a member of a rather rare group of 
materials known as ferroelectrics. The most simple structural­
ly of the ferroelectric materials, barium titanate exhibits 
ferroelectric behavior with a high relative dielectric con­
stant both at and above room temperature. Ferroelectricity, 
the electrical analog of ferromagnetism, is the spontaneous 
alignment of electric dipoles through their mutual interaction 
(15). Megaw (16) states that the definitive characteristic 
of a ferroelectric material is the possession of a reversible 
polarization evidenced by a dielectric hysteresis loop. 
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•riii.s sfjontanoous alignment of electric dipoles takes placc 
in the absence of an external electric field, but the 
direction of the spontaneous polarization may be altered by 
the presence of an external field (17), These electric 
dipoles owe their existence to a lack of coincidence between 
the center of positive charge and the center of negative 
charge in a material in the ferroelectric state (18). There 
is some critical temperature, usually called the transition 
temperature, above which thermal disorder prevails and the 
ferroelectric material becomes paraelectric; that is, the 
material begins to behave as a normal dielectric material 
of rather high dielectric constant (19). The frequently 
cited data of Merz (20) is displayed as Figure 3, which 
clearly illustrates the relationship of the relative 
dielectric constant and temperature for a single domain, 
single crystal of barium titanate. 
Much work, both theoretical and experimental has been 
expended in an effort to explain the electrical behavior of 
barium titanaie. McQuarrie (21) points out that any complete 
theory of barium titanate must explain the high relative 
dielectric constant and its temperature dependence above the 
Curie point, the existence of spontaneous polarization at 
the Curie point along with polarization variations at the 
other transition temperatures, and the relationship between 
temperature and the relative dielectric constant of barium 
13 
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Figure 3. The dielectric constant of BaTiOg single crystal 
as a function of temperature 
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titanate in the ferroelectric state. Both model theory, 
beginning with a specified physical arrangement of forces 
and charges in the structure, and phenomenological theory, 
beginning with an expression of all properties related to 
the behavioral quantity being investigated, have been applied 
to barium titanate. Whatever theoretical approach is ulti­
mately utilized to explain the behavior of barium titanate, 
the problem remains to satisfactorily correlate the physical 
behavior with the atomic and molecular structure of the 
material (22). 
A titanium displacement model has been advocated as a 
result of some calculations carried out by Megaw (23) . 
Utilizing a hard-sphere model and Goldschmidt ionic radii, 
2+ it is seen that the relatively large Ba ions cause a slight 
distortion of the ideal close-packed perovskite structure. 
4+ This expansion of the crystal lattice results in the Ti 
ions having more room than is required for simple octahedral 
residency. The long titanium-to-oxygen distances do make 
ionic motion within the TiOg octahedra a possibility, and this 
possibility for motion has been interpreted by many to lead 
to the polarization observed in barium titanate. 
Mason and Matthias (24) have advanced a different titan­
ium displacement model utilizing the formation of permanent 
dipoles by the slight displacement, in one of six axial 
directions, of the titanium ion from its body-centered 
15 
position. The displaced titanium ion forms a covalent bond 
in the direction of displacement with the nearest face-
centered oxygen ion. A dipole moment develops in the 
direction of this bond, and the crystal becomes ferro­
electric. The polarization of the material is then ac­
complished by the shift of the titanium from one equilibrium 
position to another to align with an external electric field. 
Above 120°C, thermal disorder prevails. All of the six 
equilibrium positions are equally probable; the average 
titanium ion position becomes the center of the octahedron, 
and the material loses its ferroelectric behavior. 
Some investigators feel that oxygen ion displacement 
plays an important part in the developitent of ferroelectric 
behavior in barium titanate. Although disparities exist 
among investigators as to the relative degree of displacement 
of the titanium and oxygen ions in ferroelectric barium 
titanate, Kaenzig (25) noted oppositely directed jumps of 
oxygen and titanium ions at the transition tempe ratures with 
no barium ion contribution to the ferroelectric state. Jaynes 
(26) argues that the restoring force for a displaced oxygen 
ion is smaller than that for the symmetrically bound titanium 
ion, thereby rendering oxygen ion displacement at least as 
iitportant a contribution to the ferroelectric nature of 
barium titanate as is titanium ion displacement. 
Devonshire (27) has presented a quite complete phenomeno-
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logical model for the ferroelectric behavior of barium 
titanate. He treats the material under all conditions as a 
strained, cubic crystal. By expanding the free energy 
expression as a function of the polarization and the stress, 
the various crystalline transitions can be rationalized. 
The relative dielectric constant, crystal strain, internal 
energy and self polarization; all as a function of tempera­
ture, can be calculated. This work was later expanded by 
Devonshire (28) to include the piezoelectric constant and 
the elastic coefficients for a constant field. Slater (29) 
has amended this theory by applying a Lorentz correction to 
the calculation of the internal field, resulting in the pre­
diction that quite small titanium ion displacements can cause 
ferroelectric behavior in barium titanate. 
More recently, Havinga (30) , having drawn on Megaw's 
(31) qualitative postulate that the formation of the ferro­
electric state in barium titanate may be due to covalent bonds 
in conjunction with ionic bonds, has replaced the ionic model 
of barium titanate with a shell model in an attempt to improve 
on existing explanations. Buessem, ^  (32) has applied 
an internal stress model while Goswami, ejt (33) has 
utilized an internal field model to explain the anomalously 
high permitivity of fine-grained, polycrystalline barium 
titanate. 
Each of the theories presented here have been the object 
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of numerous criticisms. The objections directed toward 
these attempts to explain the ferroelectric behavior of 
barium titanate have purposely been deleted, as the author's 
intent was to merely present the type of approach that has 
been used rather than to provoke discussion over the relative 
merits of a particular analysis. It is sufficient to note 
that none of the theories are capable of quantitatively 
describing the ferroelectric state of barium titanate (34), 
and that the active interest in this area is spawning new 
attempts to classify and elucidate the behavior of barium 
titanate and other ferroelectric materials C35, 36) . 
Applications of Barium Titanate 
Barium titanate has found widespread industrial applica­
tion due to its unique electrical properties. Originally, 
interest in this material was due to its high room teirperatture 
relative dielectric constant, which made barium titanate a 
useful capacitor material. The hysteresis loop of charge 
versus applied field esdiibited by this nonlinear [ferro­
electric) capacitor, along with the remnant polarization; 
has led to the utilization of barium titanate in switching 
applications and memory circuitry. Possessing a high 
mechanical-to-electrical conversion efficiency (coupling co­
efficient of 0.5), this piezoelectric material has found 
widespread application as a transducer material. Semiconduct­
ing barium titanate has been utilized in solid state circuitry; 
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the fchormistor takes advantage of the positive tençjerature 
coefficient of resistance found in doped barium titanate, 
while barrier-layer dielectrics have been developed utilizing 
barium titanate rendered semiconductive as a result of non-
stoichiometry. 
These distinctive features of barium titanate have 
created a huge amount of published research. While it is 
beyond the scope of this work to cite the bulk of available 
literature, the author would like to briefly present a few 
scientific comments from research workers stimulated into 
action by the respective properties of barium titanate listed 
above. 
Research designed to improve the dielectric behavior of 
barium titanate has been directed toward increasing the room 
temperature relative dielectric constant (37, 38), changing 
and/or widening the temperature range over which the maximum 
value of the relative dielectric constant is reached (39, 40, 
41), and producing a more stable and long-lived product by 
careful control of select impurity additions and processing 
variables (42, 43). Continuing efforts have been rewarded 
with bodies having a room temperature relative dielectric 
constant as high as 10,000 with values of 6,000 commonplace. 
More recently Goswami has undertaken some interesting work 
by investigating the dielectric behavior of pressed, un-
sintered barium titanate (44) and of explosively compacted. 
19 
unsintered barium titanate (45a). He found that the rela­
tive permittivity of a pressed specimen of 85% density was 
much lower than that of a sintered specimen of approximately 
the same density. An initial nonlinearity of the relative 
dielectric constant and the dissipation factor with teirpera-
ture was ascribed to adsorbed,water vapor. Mountvala (45b) has 
corroborated this conclusion^ as he found that surface hydra­
tion strongly affected the relative dielectric constant of 
his ultrafine, unsintered barium titanate test specimens. 
Goswami (44) attributed the confie te absence of ferroelectric 
behavior, after des orbing the water layer, to the presence of 
a nonferroelectric surface layer created by incomplete bonding 
between particles. Likewise, the explosively contacted body 
exhibited a corresponding lack of intergranular bonding, 
although density was nearly theoretical (95%). Goswami (45a) 
concluded that the defects existing in the shocked material 
also contributed to the lack of ferroelectric behavior. When 
the microstructure was improved through sintering, the 
explosively compacted barium titanate exhibited expected 
ferroelectric and piezoelectric behavior. 
It is observed that the shape of the hysteresis loop of 
a ferroelectric material is sensitive to minute quantities 
of iitpurities. The shape of the dielectric displacement as 
a function of applied field observed for a barium titanate 
ferroelectric is additionally sensitive to the grain size 
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and grain size distribution of the body, the density of the 
body, and the past thermal and electronic history of the 
specimen. Generally there exist, within an individual crystal 
of barium titanate, discrete regions in which the spontaneous 
polarization occurs in like directions. The alignment of 
these regions, or domains, with an external electric field 
and the subsequent incon^lete realignment in an opposite 
direction when this field is reversed leads to hysteresis 
(46). Barium titanate displays a time dependence or "aging" 
of its physical and electrical characteristics. This results 
in a constriction of the hysteresis loop believed to be 
caused by a decrease in the mobility of the domain structure 
(47) . A movement of the domain walls into more stable, less 
polarizable positions by thermal energy is a probable aging 
mechanism (48). This effect is associated with the ferro­
electric state, and a change to a nonferroelectric state 
causes the aging process to disappear (49). 
For most solids, the application of a stress simply 
produces a corresponding strain. In those special materials 
which esdiibit a piezoelectric effect, the applied stress also 
causes the production of an electric charge. The magnitude 
of this charge is proportional to the applied stress, so 
tension and compression will produce charges of opposite sign 
(50). Single crystal barium titanate in the ferroelectric 
state (tetragonal crystal structure) has a polar axis, there­
21 
fore it is intrinsically piezoelectric. The random orienta­
tion of crystals in a polycrystalline body causes a lack of 
intrinsic piezoelectricity. In order to exhibit piezo­
electricity, polycrystalline barium titanate must be "poled" 
by heating the specimen to a teitçse rat Tare above the Curie 
point, applying an external d.c. field, and cooling through 
the Curie point (51) . Upon removal of the field, a remnant 
polarization will remain, and the treated specimen will 
exhibit the piezoelectric effect. By varying the body composi­
tion and the strength of the biasing field, the final piezo­
electric properties can be controlled (52). It should be 
noted that the ordered arrangement of domains to provide 
permanent dipoles can affect the other electrical properties 
of the polycrystalline barium titanate, with one observed 
effect being the creation of a resonance spectrum in the 
frequency dependence of the loss component of the capacitance 
(53) . 
Barium titanate can be made semiconducting by the s'lbsti-
2+ tution of tri valent ions for Ba and the substitution of 
pentavalent ions on Ti^"*" sites (54, 55) . These substitutions 
create localized positive charges which may be compensated 
for by a corresponding generation of Ti^"*" ions. This process 
is referred to as the "controlled valency" model of semi­
conducting barium titanate (56). The belief that the doping 
action of some inpurities may be a bit more complicated 
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has been advanced by more recent work (57) . Some rare earth 
2+ 
trivalent ions, rather than substituting for Ba , instead 
replace Ti^^ ions and act as acceptors. The semiconducting 
properties of barium titanate are very sensitive to the dopant 
concentration, the iir^urities in the beginning material, and 
the heat treatment utilized to produce the desired product 
(58-60). 
Accompanying the semiconductive behavior of doped, poly-
crystalline barium titanate is a steep rise in the temperature 
dependence of the electrical resistivity near the Curie point. 
This anomaly in the teirperature-resistivity behavior of barium 
titanate has been attributed to the presence of barrier layers 
of hi^ resistivity surrounding the individual crystallites 
in a polycrystalline specimen (61) . These barrier layers 
are interpreted as Schottky depletion layers as a result of 
electron trapping having taken place at the grain boundaries. 
The height of the barrier is proportional to the square of 
the barrier width (a temperature independent function of 
the density of traps and the density of electrons) and 
inversely proportional to the relative dielectric constant. 
Above the Curie point, the relative dielectric constant 
decreases with tençjerature according to the Curie-Weiss law. 
This decrease is accompanied by an increase in the barrier 
height, and the electrical resistivity of the barrier in­
creases. This model is rather generally accepted, as it 
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explains experimental observations quite well. Mallick and 
Emtage (62) substantiated this model and determined that 
most of the current is conducted through small pores in the 
grain boundaries. Murakami (63) explained the observation 
that many barium titanate specimens show a rather gradual 
increase in the temperature-resistivity relationship by 
pointing out that a polycrystalline sample actually has many 
different Curie points, distributed over a temperature range, 
due to the lack of uniformity found in the intergranular 
layers. 
Combining the positive tençjerature coefficient of re­
sistance (PTCR) with the knowledge that the Curie point could 
be moved about and even "flattened" or "smeared" by the 
judicious addition of trace amounts of impurities and the 
realization that the temperature dependence of the resistivity 
could be controlled by the proper control of processing 
parameters, thermistors utilizing barium titanate materials 
can be made. A thermistor is a semiconducting resistor whose 
resistivity is extremely dependent on ambient temperature 
(64) . There has ensued a veritable avalanche of research 
interest into the effects of material properties and process 
parameters on the final performance specifications of the 
finished product (65-70). Thermistors have found a number 
of interesting applications, such as high-response probe 
elements for electronic thermometers, but the largest applica­
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tion is in the temperature compensation of solid-state 
circuitry. 
Even if no additions are made to a high purity barium 
titanate powder, the resistivity of the material can be 
greatly reduced by simply promoting an oxygen deficit in the 
material (70). This production of oxygen vacancies and their 
subsequent ionization, contributes electrons which may be 
free to contribute to conductivity in the material. A single 
crystal study (71) has indicated, on the basis of Hall 
measurements, electrons to be the majority carrier in reduced 
barium titanate. The heavily-reduced material tends to lose 
the PTCR effect, while the slightly reduced material displays 
the "resistivity anomaly." 
Os^gen deficient barium titanate has found application 
in barrier-layer dielectrics. These are materials which have 
extremely high (20,000-30,000) relative dielectric constants 
due to continuous dielectric layers surrounding areas of high 
conductivity. Essentially, grains of reduced material are 
surrounded by grain boundaries of oxidized material. In a 
dense specimen, the barrier layers may be formed at the 
specimen surface rather than between grains (72). This 
effect is produced by an extensive reduction followed by a 
partial reoxi dation of the material. This may be accoitplished 
in a one-step process (73) , however some products incorporate 
a surface treatment between the reduction and reoxidation 
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processes (74). Commercial barrier-layer capacitors find 
application in transistor circuitry^ since high-valued 
capacitors s ui tab le for coupling and VHF by-pass can be 
fabricated into small, space-saving units (75) . 
Barium titanate possesses a unique combination of 
electrical properties which may be incorporated flexibly 
into any number of electronic applications. The desire to 
tailor these electrical characteristics to apply to a 
specific job and to produce a device in a size and shape 
commensurate with the intended application, will require 
continual advances in the state of ceramic electronic 
materials. The strict control of purity, stoichione try, and 
heat treatment is seen as a requirement for product duplica­
tion (76, 77). Continuing progress in processing procedures 
is predicted for ceramic electronic materials (78). With 
refined techniques will come improved ceramic devices, and 
improved devices will contribute greatly to the electronic 
advances of the future. 
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THEORY 
Pure Stoichiometric Compounds 
Classically, crystalline solids have been considered to 
be completely ordered structures formed of constituent 
elements combined in some fixed integer ratio. Whereas the 
ordered state (i.e., the minimum energy state) may be stable 
at absolute zero, some degree of disorder will always prevail 
in the stable state of a crystalline solid at finite tempera­
ture (79). Even perfectly pure, stoichiometric compounds 
(those compounds whose ionic valence states and constituent 
proportions follow exactly the requirements of their chemical 
formulas) will have some disorder, the native disorder, which 
will affect the properties of the material (80). Thermo­
dynamic treatments of lattice defects have shown that com­
pounds exist within regions of compositions differing by some 
small degree from the ideal chemical formulas (81) . When it 
became understood that many of the important properties of 
materials are highly dependent upon small variations in the 
chemical composition, research flourished in the area of 
defect chemistry. 
Ionic disorder can exist in stoichiometric compounds if 
the disorder is introduced in such a manner as to preserve 
the molecular ratios of the compound's chemical formula. 
The three basic types of imperfections are vacant lattice 
sites, interstitial ions, and misplaced ions (80). These 
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basic imperfections may be combined in various charge 
compensating schemes to form five distinguishable, 
stoichiometry-preserving disorders; the Schottky-Wagner 
disorder, two distinguishable Frenkel disorders, anti-
Schottky-Wagner disorder and antistructure disorder (79). 
Schottky-Wagner disorder is the simultaneous production 
of both vacant cation sites and vacant anion sites ir. 
equivalent (stoichiometric) amounts. Equivalent numbers of 
cations and anions migrate to recombine at the crystalline 
surface leaving behind vacant sites in the interior of the 
crystal. 
Frenkel disorder occurs in two distinguishable manners. 
One possible Frenkel disorder mechanism is the occupation 
of a number of interstitial sites by cations, together with 
a corresponding concentration of vacant cation sites. The 
other corresponding Frenkel defect is the production of 
anion interstitials and anion vacancies in equivalent con­
centrations . 
Anti-Schottky-Wagner disorder is the production of 
equivalent concentrations of cation and anion interstitials. 
This disordered state, while statistically possible, is con­
sidered extremely rare. 
Antistructure disorder is the result of some number of 
cations occupying anion sites, while an equal number of 
anions occupy cation sites. The antistructure mechanism has 
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the lowest likelihood of formation, due to the energies 
involved to misplace ions, of the five types of disorder 
discussed above. 
Each of these types of atomic disorder is formed by the 
combination of two charge compensating native disorders. 
These native disorders may be distributed throughout the 
crystalline solid in a completely random manner; however, 
when compensating defects come into close proximity defect 
interaction may take place. That is, defects may combine 
to form associated complexes. 
Electronic disorder may also be introduced into a 
crystalline solid in such a manner as to preserve the purity 
and the stoichiometric ratios of the chemical constituents. 
Much the same case can be made for the ordered state of the 
electrons in a crystalline solid as was made for the ionic 
disorder. Above absolute zero, some of the electrons in a 
crystalline solid occupy energy levels above the ground 
state although the crystal is at equilibrium. As thermal 
energy increases, excitation of electrons from the valence 
band to the conduction band takes place. This excitation is 
accompanied by the simultaneous creation of electron holes 
in the valence band of the material. This mechanism of 
electronic disorder formation is called intrinsic excitation. 
This excitation process results in the formation of an 
electron of sufficient energy to move in the presence of an 
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applied field, as well as the creation of a hole which may 
also take part in the conduction process. 
The gap between the energy states occupied by the 
intrinsically excited electrons and the energy states occu­
pied by the simultaneously produced holes is referred to as 
the intrinsic ionization energy. Often called the "band 
gap", this quantity is the lowest amount of energy which can 
thermally excite an electron sufficiently to form one free 
electron and one hole. 
When ionic disorder is also present in a crystalline 
solid, this presence may perturb the electronic disorder. 
For example, electrons or holes associated with defects may 
exist in energy states which lie within the intrinsic ioniza­
tion energy gap of the crystalline solid. Electrons in 
energy states lying high within the energy gap may be easily 
excited into the conduction band. Electrons from these 
"donor" levels will then be free to move within the con­
duction band of the material, thereby contributing to 
electrical conductivity. If empty energy levels associated 
with the defect lie low within the energy gap of the material, 
electrons may be promoted from the valence band of the 
material to fill these "acceptor" levels. The ensuing pro­
duction of free holes in the valence band of the crystalline 
solid will again result in an influence by the imperfection 
on the electronic disorder present in the material. 
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Nonstoichiometric Compounds 
Compounds which obey the Law of Definite Proportions 
occur only under very special conditions. One can consider 
stoichiometric compounds as an ideal end-meirber to the class 
of real compounds, however, it should be realized that all 
inorganic crystalline solids are inherently nonstoichiometric. 
Therefore, it becomes less redundant and more precise to 
speak not of nonstoichiometric compounds but of the degree 
of nonstoichiometry of a compound (82). 
Generally speaking, compounds will exhibit a slight 
deviation from stoichiometric molecular ratios as a result of 
small excesses or deficits of one component relative to the 
others. These real compounds are then said to fall into one 
of two general classifications, cation excess or cation 
deficit. One can alternatively refer to the groups as anion 
deficit or anion excess, respectively. When developing 
arguments applicable to binary and ternary oxide compounds, 
it is common usage to refer to the defect states as metal 
excess (oxygen deficient) or oxygen excess (metal deficient), 
respectively. 
Oxide compounds tend toward a metal excess condition 
upon exposure to reducing conditions. Compounds with a metal 
excess may contain excessive numbers of interstitial cations 
(possibly associated with locally-trapped electrons) or 
excessive numbers of vacant anion sites (possibly associated 
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with locally-trapped electrons). Since both of these defects 
will introduce excited states only slightly below the energy 
level of the conduction band, electrons may be easily 
promoted from these "donor" levels into the conduction band. 
This tends to cause a propensity for n-type semiconductor 
behavior for an oxide exposed to reducing conditions. 
Oxide compounds tend toward an oiq^gen excess condition 
upon exposure to oxidizing conditions. Conpounds which 
deviate from stoichiometry toward oxygen excess exhibit a 
concentration of anions greater than the number predicted 
by the integer ratios of the molecular formula. This oxygen 
excess may be caused by oxygen ions occupying interstitial 
sites and associating with locally-trapped holes, or it may 
be due to vacant metal ion sites at which locally-trapped 
holes are present. Both of these defects will have empty 
energy levels which lie slightly above the energy level of 
the valence band. Electrons may easily be promoted from the 
valence band to fill the unoccupied "acceptor" levels. This 
results in the simultaneous production of free holes in the 
valence band of the material. The oxygen excess compound 
tends to exhibit p-type semiconductor behavior when exposed 
to oxidizing conditions. The conductivity of both metal 
excess and oxygen excess oxide compounds will decrease to 
the value of intrinsic conductivity for the ambient tempera­
ture as the oxide formula tends to return to a stoichiometric 
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ratio. It should be mentioned that inçsxirity effects, 
depending on the amounts present, may significantly alter 
and, in some severe cases, completely obscure the intrinsic 
response of a material to oxygen partial pressure changes. 
Defect Models for Nonstoichiometric Barium Titanate 
Significant progress in the field of defect chemistry 
has resulted from the attention given to the nature of the 
defect state by Kroger and Vink (83) . Utilizing their 
analysis, one can derive equations for the dependence of the 
composition of an oxide on teirperature and oxygen pressure. 
Since the general approach, as well as the excellent syste­
matic notation, of Kroger and Vink will be used in the develop­
ment of the ensuing defect models, a short description of 
their notation is in order. 
In this notation, each chemical species is represented 
by its major symbol. The location of the ionic defect 
relative to the crystal lattice is noted by the subscript. 
In particular, the subscript "i" denotes an interstitial 
site, "O" denotes oxygen lattice site, "m" denotes a lattice 
site normally occrç)ied by an "m" ion, etc. The charge of 
a chemical species relative to the charge normally associated 
with the site the species is occupying is represented by one 
of three superscript symbols: "x" for neutral, for each 
negative charge, and for each positive charge. Finally, 
the concentration of a particular chemical species is repre­
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sented by the major symbol of that species enclosed by 
brackets. For example, Ti^, [V^' ], and are respectively 
a titanium ion with a zero effective charge occupying an 
interstitial site, the concentration of doubly-ionized oxygen 
vacancies, and a barium ion occupying a titanium site thereby 
acquiring an effective negative two charge. 
The concentrations of defects treated by defect chemistry 
are deemed sufficiently small as to make possible the applica­
tion of mass action laws to equilibrium reactions written as 
chemical equations in which the ionic and electronic defects 
are treated as chemical species. "Che application of the laws 
of mass action assume defect concentrations sufficiently 
dilute that the average defect feels no interacting forces 
as a result of its proximity to other defects. The laws of 
dilute solutions are assumed to apply (Henry's law applies 
to the minority defect species considered as the solute and 
Raoult's law applies to the majority lattice species con­
sidered as the solvent), so chemical concentrations may 
replace activities for each reacting species. Expressions 
for the equilibrium constants associated with the formation 
of the defect state may be written as long as constraints 
such as site relationships, mass balance, and charge 
neutrality are maintained. 
The composition of a condensed phase (crystalline solid) 
in equilibrium with a gaseous phase will depend to some 
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degree on the partial pressure of the most volatile com­
ponent of the solid. Assuming a predominant defect mecha­
nism, thereby eliminating from consideration defect production 
by minority iicpurities and native disorders, models may be 
derived which relate the defect concentration in a crystalline 
solid to the temperature of the solid and the overlying 
partial pressure of the most volatile species in the solid. 
Nonstoichiometric barium titanate has been observed to 
behave as an n-type semiconductor at high temperatures and 
low oxygen pressures and to behave as a p-type semiconductor 
at low temperatures and high oxygen pressures. The most 
probable defect models, concurrent with observed behavior, 
will be developed. 
Oxygen deficit 
An oxygen deficit condition may result by the creation 
of cation interstitials, anion vacancies, or a combination of 
the two. Cation interstitial formation mechanisms are un­
likely in barium titanate due to the increase in mutually 
repulsive couloihbic forces between approaching cations (84) 
and due to the small size of the available interstitial 
positions relative to the sizes of the barium and titanium 
ions (23) . More probable is the formation of anion (oxygen) 
vacancies by the migration of lattice oxygen from the 
interior of the barium titanate to its surface and finally 
into the surrounding gaseous phase. 
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The formation of an oxygen deficit by an oxygen vacancy 
mechanism may be represented by the chemical reaction 
0^ = + 1/2 O . (1) 
° ° ^(g) 
The neutral oxygen vacancy, with which is associated two 
electrons, may subsequently be ionized according to the 
reactions 
and 
-f e, (2) 
Applying the law of mass action to Equations 1 through 3, 
thereby assuming a solution of oxygen vacancies so dilute 
that [OQ] remains essentially unchanged and equal to one, 
equilibrium relationships for those reactions may be written 
as 
and 
«2 = n{vy/rv^], (5) 
K3 = n[V-]/[VQ], (6) 
where n is the concentration of electrons, and and 
are the mass action equilibrium constants for the respective 
reactions. 
Conservation of charge requires that 
J 
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n = [VQ] + 2 [V-]. (7) 
Equations 1 through 7 represent the oxygen deficit defect 
model for barium titanate assuming no other significant 
source of defects. However, in order to more specifically 
represent the equilibria between the defect concentration 
and the oxygen partial pressure, one must apply a limiting 
electroneutrality condition by assuming an oxygen vacancy 
ionization state. If one assumes that all of the oxygen 
vacancies are singly ionized, the electroneutrality condition 
becomes 
An expression relating the concentration of singly ionized 
oxygen vacancies to the oxygen pressure may be written as 
The assumption of fully ionized oxygen vacancies results in 
an electroneutrality condition of 
The pressure dependence of the concentration of doubly 
ionized oxygen vacancies is represented by the relationship 
n= [vy. (8) 
[Vq] = (9) 
n = 2[VQ-] . (10) 
(1/4 (11) 
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For the case where both singly and doiibly ionized oxygen 
vacancies are present, the electroneutrality condition of 
Equation 7 is applicable, and the concentration of defects 
may be represented by 
([Vq] + 2[VQ-]) = {KiKgtEVÔ] + 2[V5*]) + 
2 K^K2K3}^/^PQ~^/^. (12) 
For the limiting conditions on the electroneutrality 
equation listed below and for small deviations from stoichi-
ometry, the composition-Pq dependence for nonstoichiometrie, 
oxygen deficient barium titanate reduces to an equation of 
the form 
Xa (13) 
"2 
where n varies from 2 to 6 depending on the state of ioniza­
tion of the oi^gen vacancy. The limiting conditions are: 
when [V^] » [vy + [vy], n = 2; (14) 
when ivy » [V^ + [VQ-], n = 4; (15) 
and when [vy ] » [V^j + [vy, n = 6. (16) 
If the electrons produced in Equations 2 and 3 are 
considered to be free, it is customary to eitçloy the band 
model to interpret the conductivity in barium titanate. The 
development of the defect models for a small polaron theory 
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of conductivity requires the association of electrons with 
titanium ions. This would result in a modification of the 
ionization equations to 
and 
^6 = ?6' + ^^Ti' (IS) 
where the quantity Ti^^ is the equivalent of an electron 
trapped on a titanium ion site and may be represented as a 
3+ 4+ 
Ti ion on a site normally occupied by a Ti ion. Following 
the same development of Equations 1, 17, and 18 as was applied 
I 
to Equations 1 through 3, thereby replacing n by [Ti^^], one 
realizes identical expressions relating the concentration of 
oxygen vacancies in various ionization states to the o:^gen 
partial pressure. Therefore, the location of electrons freed 
by the production and subsequent ionization of oxygen vacan­
cies in no way affects the interpretation of thermogravimetric 
data. 
Oxygen excess 
An excess of oxygen may be accommodated into the barium 
titanate structure by the formation of oxygen interstitials 
or cation vacancies. Due to size considerations, the forma­
tion of o^gen interstitials is not thou^t to be a signifi­
cant factor in oxygen excess defect production. Thus, excess 
oxygen is iisually thou^t to be accommodated by the simul-
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taneoias creation of one barium vacancy and one titanium 
vacancy as the oxygen lattice is expanded by three sites. 
The reaction which describes this mechanism is 
X '  * I  I  I  I  
3/2 O =30^+ + Vj. . (19) 
(g) 
An oxygen excess mechanism should never be active during 
the course of the experiment described in this thesis, as 
all measurements are carried out under conditions such that 
the oxygen activity in the vapor phase is less than one. 
Therefore the development of this defect model will be 
carried no further. It is sufficient to note that the 
development parallels that for the oxygen deficient model, 
as may be found thoroughly demonstrated elsewhere (84, 85) . 
Therefore, a sinple recognition of this defect model should 
be sufficient. 
Impurities 
The incorporation of foreign cations substitutionally 
into the barium titanate crystal structure will contribute 
ionic disorder to the material. This disorder may affect 
the electrical conductivity, since a foreign cation occxç>y-
ing a site originally occupied by a cation of lower valence, 
will provide a donor level, while an impurity caticxx at a 
former site of a cation of higher valence will contribute 
an acceptor level to the material. 
The presence of impurities in the original material may 
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alter the oxygen pressure dependence of the wei^t change 
due to defect formation. A small amount of inpurities could 
affect the mechanisms by which the predominant defect 
structure is produced if those impurities substitute prefer­
entially for certain host ions. Therefore, a very pure 
barium titanate is needed for this type of analysis. The 
inadvertent addition of impurities and the subsequent record­
ing of their weight during the course of the experiment may 
mitigate the weight loss and decrease the ability of the 
thermogravimetric analysis to sense the production of o:ygen 
vacancies. Therefore, much attention must be given to the 
elimination of experimental sources of contamination. 
BatTi ratio not unity 
A serioxas factor in the change of the stoichiometric 
point and the ensuing defect structure of barium titanate is 
failure to have a barium to titanium ratio of one. Since 
Ti02 is slightly soluble in barium titanate (3) (Figure 4) , 
excess TiOg is frequently present in amounts sufficient to 
affect research results. 
There exist many possible mechanisms by which a barium 
to titanium ratio less than unity may be produced. If we 
assume the titanium excess is due to dissolving TiOg into 
the barium titanate, two possible methods of incorporation 
are: 
TiOj = + 20^ + + V--, (20) 
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Figure 4. Phase diagram of the system BaO-TiOg (3) 
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and 
3Ti02 = 2TiJ. + 11^; + Vgl + 6 0§ (21) 
The charged defects in these equations are written assuming 
their highest states of ionization. Hie inclusion of TiOg 
by these reactions is effectively a creation of titanium and 
oxygen sites to be occupied by the added ions. Since site 
relationships must be maintained, vacancies or substitutions 
must occur. However, this mechanism of site creation does 
not provide a source of electrons and holes with which the 
defects may associate. These defects are effectively added 
to the crystal as fully-ionized ionic disorder, therefore they 
may compete with existing disorder for free electrons and 
holes present in the material. 
A barium to titanium ratio of greater than unity can 
be thought of as barium titanate containing an amount of BaO 
in excess of that required for stoichiometry. One may write 
chemical reactions for the accommodation of excess BaO into 
the crystalline structure of the form: 
BaO = Bag^ + 0% + " + 2VQ- , (22) 
and 
BaO = Ba^i + Og + + 2V- . (23) 
Upon inspection, one can verify that the creation of additional 
lattice sites for the barium and oxygen ions have necessitated, 
due to site and charge conservation requirements, the intro-
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auction of ionic disorder into the crystalline structure of 
the host material. 
The ability to represent possible incorporation mecha­
nisms by chemical reactions does not at all inply that those 
reactions written are involved in the actual physical process. 
Although a case may always be made for the occurrence of 
limited solid solution, more probable, due to the negligible 
solubility of BaO in barium titanate (3) (Figure 4) is the 
existence of excess BaO as a second phase. The material used 
in this investigation has a slight excess of BaO (BaiTi ratio 
of 1.004). Various amounts of excess BaO, incorporated as 
a second phase constituent, will not alter the ionic disorder 
of the barium titanate phase. However, BaO will tend to 
equilibrate with the gaseous phase and thus may affect the 
results of a thermogravimetric experiment. Certainly one 
might expect different mechanisms by which each phase would 
equilibrate with a change in gaseous atmosphere surrounding 
the specimen. One may also anticipate slightly different 
solubilities of gaseous constituents for each phase. However, 
the effect of the minority phase will be proportional to the 
volume of that phase present. Therefore the overall contribu­
tion of excess BaO will be very slight, since the amount of 
second phase BaO present is extremely small. 
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Corroborating research 
The defect structure of reduced barium titanate has 
been explained in terms of an oxygen vacancy mechanism by 
a number of experimental observers. Coufova and Arend (85) 
proposed a model comprised of an oi^gen vacancy with one 
trapped electron to explain one of two bands found in the 
absorption spectrum of reduced single crystals of barium 
titanate. Ikegami, et (86), on the basis of optical 
absorption and electrical conductivity measurements on 
reduced single crystals, postulated a mechanism "involving 
electrons trapped at the oj^gen vacancies." Take da and 
Watanabe (87) utilized electron spin resonance measurements 
on single crystals, and they attributed the resonance centers 
to unpaired electrons trapped at oxygen vacancies (F-center). 
Anderson (88) attributed the controlling rate in the initial 
sintering of barium titanate to that of oxygen vacancy dif­
fusion. The apparent activation energies for the intrinsic 
production of charge carriers in barium titanate (89) were 
found to be consistent with the activation energy attributed 
to fully-ionized oxygen vacancy grain boundary diffusion in 
barium titanate (88). 
More recently. Long and Blumen^al (90, 91) investigated 
the electrical conductivity of polycrystalline barium titan­
ate over the temperature range of 800-1]15®C and the oxygen 
partial pressure range of 1-10 atmospheres. They propose 
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a defect model comprised of singly and doubly ionized oxygen 
vacancies and acceptor states of uncertain origin, presumably 
the result of impurities. They determined the standard 
enthalpies of formation of singly and doubly ionized oxygen 
vacancies to be 4.3 and 5.7 electron volts, respectively. 
Panlener and Blumenthal (92) found anomalous weight 
change behavior during the course of their thermogravimetric 
investigation of the temperature dependence and oxygen partial 
pressure dependence of the defect structure of nonstoichio-
metric barium titanate. They were able, however, to determine 
an enthalpy for the weight change process consistent with 
that found by Long and Blumenthal (91). Conger and Anderson 
(9 3) have recently utilized a capacitance manometer to de­
termine the minute pressure changes in a closed system due to 
the evolution or consumption of oxygen by a barium titanate 
polycrystalline specimen. They believe the predominate 
defects which lead to n-type behavior to be oxygen vacancies, 
while p-type behavior is attributed to cation vacancies of 
unknown origin and ionization level. 
Thermogravimetric Analysis of Defect Structures 
The weight changes accompanying the formation of defects 
in a metal oxide represent the change in stoichiometry as a 
result of temperature and oxygen partial pressure changes. 
The development of a relationship between the concentration 
of defects and the corresponding weight change for an MO 
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oxide by Tripp, e^ a^. (94) is based on the general expression 
of the weight of a metallic oxide as the sum of the weights 
of the metal atoms and the oxygen atoms, assuming insignifi­
cant impurity concentrations. If we assume the total number 
of metal atoms, a, to be constant, the number of oxygen atoms, 
n^, may be expressed by 
nQ = I (a + ev) + e V - (j) V - V (24) 
where 0 is the total concentration of metal vacancies, e is 
the total concentration of oxygen interstitiaIs, ^ is the 
total concentration of oxygen vacancies, ip is the total con­
centration of metal interstitials, z is the valence of the 
metal, and V is the volume of the sample. 
For a ternary metal oxide, ABO^ this becomes 
eV - *V - - 2^- OgV. (25) 
The total sample weight may be written as 
z* 
2^ (Og + 8gV - Tf»gV) - <t>V + EV] (26) 
where and are the atomic weights of metals A and B, 
2^ and Zg are the valence of metals A and B, and is 
! 
t 
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Avogadro's nimber. If thermal disorder contributes insignifi 
cantly, one of the above defects should predominate. At 
constant temperature, the total sample weight can then 
be represented by 
W = ^  + Mg) + 8{z^ + Zg)] + K e Pg , (27) 
where K is a conversion factor between concentration and 
weight. This simplified expression may be written in this 
form because the concentration of any of the defects in 
Equation 26 will be a function of some power, y, of the 
oxygen partial pressure (94). 
One may simplify Equation 27 by noting that the weight 
of the sample at any time may be written as 
W = + AW (28) 
where is the initial weight of the sample and AW is the 
measxared weight change. Taking differentials yields 
dW = dAW (29) 
as is constant. If the entire weight change is due to an 
increase in the concentration of point defects, 
AW = Kid], (30) 
where Id] is the defect concentration and K is a conversion 
factor from Equation 27. Since 
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Id] = C P% , (31) 
"2 
or 
AW = KC , (32) 
"2 
where y is the pressure dependence of Equation 27, the plot 
of log (AW) or log [d] versus log P will yield a curve 
"2 
with a slope of y. 
Thermogravimetric analysis yields the apparent weight 
change of a sample as a result of that sample's reaction to 
a change in its external environment. If the change in 
ambient conditions is such that, upon equilibration with its 
surroundings the sample experiences a change in weight, 
thermogravimetric analysis may be able to relate this weight 
change to the change in defect state. The weight changes 
are only relative one to another; however, if one knows 
the composition of the material for any one weight, corre­
sponding compositions may be determined for any other weights. 
If one can assume the starting condition to be pure, 
stoichiometric barium titanate, or if one can accurately 
weigh a sample of barium titanate under conditions such that 
X -»• 0 in BaTiO^^^, values for x may be calculated from weight 
change measurements under conditions such that x > 0. Using 
the approach attributed to B lumen thai by Baiser (95) , a 
handy relationship for the calculation of x in BaTiOg_^ may 
be developed. Utilizing the following proportion; 
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° 
where is the atomic weight of oxygen, is the 
molecular weight of barium titanate, is the weight of 
oxygen in the beginning sample, and W is the initial weight 
of the sample. The initial wei^t of oxygen in the sample 
may be written as 
"i = (34) 
If the entire weight change of a sample is due to the change 
in the oxygen content of the sample, 
AW = " ^f ' (35) 
where is the final weight of oxygen in the sançle. Since 
"i 3 in BaTiOj (36, 
3-x in BaTi02_^ 
then 
3W 
X — 3 - ^ — . (37) 
Substituting Equation 35 for yields 
X =  3AW/W^ , (38) 
and substituting Equation 34 for gives 
^ "W %aTi0^/^0^ ' (39) 
50 
If one considers the deviation from stoichiometry of 
barium titanate under oxidizing conditions as the solution 
of a small amount of Og into an amount of BaTiO^ infinitely 
large so the concentration of BaTiO^ is not perceptibly 
changed, he mi^t also view the deviation from stoichiometry 
under reducing conditions as the solution of a small amount 
of vacuum (the lack of oj^gen) into a volume of BaTiOg so 
large no noticeable concentration change takes place. The 
change in free energy when one dissolves or removes one mole 
of oxygen gas from an infinitely large volume of barium 
titanate is the change in the relative partial molal free 
energy of oxygen, AF . Since the characteristics of a 
solution are dependent on the components of the solution and 
their relative contributions, all extensive thermodynamic 
properties of reactions involving solutions must be replaced 
by their partial molal counterparts. One may then use those 
thermo^namic expressions derived to explain reactions 
involving pure sii)stances in the explanation of reactions 
involving solutions (96) . 
The solution of 1 mole of oxygen vacancies into an 
infinitely large crystal of pure, stoichiometric barium 
titanate may be represented by the reaction 
oG " + V2 (40) 
where OQ is an oxygen ion on an oxygen lattice site, VQ is 
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an oxygen vacancy, e' is an electron, 0^ 
(?) 
is diatomic 
oxygen in the vapor phase, and z is the ionization level 
of the oxygen vacancy as well as the number of electrons 
freed as a result of that ionization. If one assumes the 
reaction proceeds to equilibration, the free energy change 
for the reaction may be written as 
where the respective u's represent the chemical potentials of 
oxygen gas, of oxygen in barium titanate, of ojQrgen vacancies 
in barium titanate, and of electrons in barium titanate. 
free energy change of the reactants in their reference states 
(stoichiometric barium titanate) plus the change in free 
energy due to the increase in the defective state. Therefore, 
one may represent the free energy change at constant composi­
tion as 
where AF° includes the reference state chemical potentials of 
gaseous oxygen, lattice oxygen, oxygen vacancies, and free 
electrons. Equation 42 relates oxygen pressure ratios, oxygen 
vacancy ratios, and free electron ratios for two discrete 
AF = (1/2 + 2^3?)= 0 (41) 
This free energy is coirposed of a contribution due to thé 
(42) 
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states; the states being a reference state of s toi chi one trie 
barium titanate (x = 0) and the defective barium titanate 
existing under a multiplicity of experimental conditions 
(x ^  0) as BaTiOg Since dilute solution theory is implied 
for the solution of oxygen vacancies into barium titanate, 
the free energy change for Equation 42 is one-half the 
relative partial molal free energy of oxygen, ^  AF . To 
^ "2 
relate this energy change to the o^Q'gen pressure, one must 
satisfy various constraints. Assuming the ideal behavior of 
gaseous oxygen allows the activity to be replaced by partial 
pressure, and changes in the oxygen partial pressure may 
represent changes in the partial molal free energy of oxygen 
if the vacancy ratio and electron ratio of Equation 42 can 
either be evaluated or held constant. 
At the experimental temperatures, barium titanate is 
an intrinsic semiconductor, therefore, the number of free 
electrons is very large. It is reasonable to assume that the 
additional electrons freed by the ionization of oxygen vacan­
cies incorporated into the lattice will have little effect 
on the concentration of free electrons in the barium titanate. 
Therefore the ratio of the number of free electrons present 
in the material at different stoichiometry states will remain 
virtually constant. 
Hie assuir^tion of the oxygen vacancy mechanism as pre­
dominant in the formation of oxygen deficit barium titanate 
53 
implies a specific number of o:^gen vacancies for each 
value of X. Since the only cause for weight change is the 
formation of oxygen vacancies, and since the change in weight 
is proportional to the degree of defectiveness (x), each x 
must have associated with it some fixed number of oxygen 
vacancies. Since the number of oxygen vacancies in the 
stoichiometric material remains constant the vacancy ratio 
for a particular conposition may be assumed to be constant. 
Assuming the oxygen pressure over barium titan ate in the 
stoichiometric state is relatively insensitive to tempera­
ture (this may be experimentally demonstrated) , the change 
in oxygen pressure required to achieve a change from the 
stoichiometric state to some defective state will then be 
related to the accompanying change in the partial molal free 
energy. 
Therefore, from Equation 42 
AF_ = IRT In P. 3^. (43) 
^2 ^2 * 
Also 
AF. = AH - TAS- , (44) 
^2 "2 "2 
where ASL and AS]_ are respectively the relative partial 
"2 "2 
molal enthalpy and the relative partial molal entropy for the 
creation of oxygen vacancies in barium titanate. Since 
AH- =I3(AF- /T)/3(l/T)]^, (45) 
"2 "2 * 
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the relative partial molal enthalpy for the production of 
oxygen vacancies in barium titanate may be determined from 
the tenperature dependence of the natural logarithm of the 
oxygen partial pressure at a constant composition of BaTiO^^^f 
as 
AH_ = R[3(ln P_ )/3(l/T)] . (46) 
°2 2 
The relative partial molal entropy may also be determined, as 
ASo; = - AF02/T'x.T-
"Therefore, 
The determination of thermodynamic quantities describing 
the reaction required to produce 03^gen vacancies will be 
related to the vapor pressure of the diatomic gaseous species, 
oxygen. Since the extraction of one mole of oxygen gas from 
the crystalline lattice results in the production of two moles 
of oxygen vacancies, the extensive thermodynamic properties 
determined experimentally will be twice the values of the 
corresponding terms developed from defect models. Simply, 
the heat involved to produce oxygen vacancies, AH^, is a 
function of the change in concentration of 0, while the experi­
ment determines a sensitivity to a change in the pressure 
of Og. Therefore, the experimentally-derived value, AHQ , 
will be the enthalpy for the production of two moles of oxygen 
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vacancies. This may be illustrated by writing the defect 
reaction for the formation of oxygen vacancies as 
" + 1/2 °2(g)' (49, 
where OQ is one mole of oxygen on oxygen sites, is one 
mole of oxygen vacancies (ionization state unspecified), n 
is some number of electrons (depending on ionization state) 
in 02(g) one mole of gaseous oxygen. 
The specification of an enthalpy for the process of 
reduction in barium titanate may lead one to speculate as 
to the reduction mechanism in predominance. A change in 
enthalpy with composition may indicate a change in the 
predominant defect mechanism or an onset of defect inter­
action. The evaluation of thermo<^namic properties for the 
reaction describing the reduction process from various sets 
of data may allow one to determine the usefulness of thermo-
gravimetric analysis as a tool for thermo(^namic investiga­
tion. 
56 
THE EXPERIMENT 
Thermogravimetric measurement techniques utilizing a 
vacuum microbalance were carried out on polycrystalline 
specimens of high-purity barium titanate to establish the 
equilibrium weight changes resulting from the deviation from 
stoichiometry accompanying step-wise changes in the tempera­
ture and oxygen partial pressure. In addition to vacuum 
microbalance measurements y experimental techniques involving 
temperature specification, oxygen partial pressure control, 
and specimen formation were crucial to the successful com­
pletion of this experiment. 
Cahn Vacuum Microbalance 
The reversible, equilibrium weight changes of a barium 
titanate specimen in a controlled environment were measured 
with a Cahn RG Electrobalance. Figure 5 is a schematic 
representation of the balance and the amplified servo feedback 
and output loop (97). A change in weight causes a deflection 
of the beam, which in txirn moves the flag modulating the 
amount of li^t reaching the phototube. The resulting devi­
ation in the phototube current is amplified and applied to a 
coil which is fixed to the beam and centered in a permanent 
magnetic field. The current applied to the coil creates a 
torque which exerts a restoring force on the deflected beam. 
The change in electromagnetic restoring force is equal to the 
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Figure 5. Schematic diagram of the Cahn RG Electro-
balance (9 7) 
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change in force causing the original deflection, that 
change in force being the change in sample weight. By 
Ampere's law, the electromotive force is proportional to the 
current, therefore the change in phototube current is a 
highly accurate measure of the change in weight causing the 
beam deflection. 
The Cahn RG Electrobalance operates on the null-balance 
principle. The beam, while appearing to be motionless, is 
actually deflecting from and returning to a null position 
every few milliseconds. The control circuitry of the balance 
can attenuate varying amounts of the restoring voltage, so a 
potentiometric recorder may display the weight changes over 
a number of ranges. The output voltage of the electrobalance 
was recorded on a one millivolt range of one channel of a 
Leeds and Northrup Speedomax XL 680 two-channel potentiometric 
recorder. 
The balance weighing mechanism was installed in a Cahn 
number 2005 accessory glass vacuim bottle which was mounted 
on a plate with provisions for level adjustment. This plate 
was firmly supported, through extending framework, to 1200 
pound concrete inertia block resting in a hole beneath the 
floor of the laboratory (84). This provided the rigid support 
specified for the Cahn installation, yet decoupling from the 
building was significantly improved without resorting to any 
of the multitude of vibration-dampening materials which seem 
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to deform imder load inelastically with time. 
The balance vacuum jar was completely covered with 
aluminum foil, and this foil covering was earthed to a water 
pipe ground. The aluminum foil covering provided a degree of 
protection against the buildup of static charges on the sur­
faces of the glass vacuum bottle. The effect of static charge 
buildup is a nuisance at room temperature but rapidly 
diminishes as temperature is increased. The foil covering 
also provided needed light shielding, as the phototube is 
sensitive to changes in background light levels. The i'deal 
operative situation is when only the light from the phototube 
source enters the balance enclosure. This probably is an 
unattainable goal, as some visible radiation undoubtedly 
penetrates the shielding. The foil covering which includes 
the bottom of the vacuum jar, serves as a radiation shield 
between the jar and the top of the furnace. While this 
effect may seem small, the quantity of heat above a furnace 
operating at 1400°C is substantial. Therefore, any effort to 
mitigate transfer of this heat to the balance enclosure will 
be rewarded by an increase in the precision of the measure­
ment. 
The vacuum jar was also covered with a "box" constructed 
of Kacwool, an insulating ceramic fiber, in order to protect 
the balance enclosure from sudden blasts of cold air from 
the room temperature control system. Pneumatically thermo-
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statted heating and cooling systems provided an excellent 
room teitçerature control range of ± 1°F. 
The manufacturer specifies the ultimate sensitivity of 
the microbalance to be 1 x 10 ^ gram, while the precision is 
reported to be one part per million of the total load (98). 
The sensitivity of the Cahn RG Electrobalance, when used under 
the conditions of this experiment, is probably decreased by 
at least one order of magnitude. 
Temperature Specification 
In order to measure the deviation from s toi ch iome try of 
a number of experimental specimens and to have their respec­
tive deviations relate to one another, the temperature of the 
specimen environment must be reproducibly specified, that is, 
controlled and measured. 
The experimental temperature range of 900° - 1400®C was 
produced by an internally wound furnace using 60% platinum-
40% rhodium, 20 gauge wire windings, the general construction 
details of which may be found elsewhere (84, 99). Furnace 
control was effected by a Leeds and Northrup Series 60 C.A.T. 
control unit. The current output from this unit provided a 
control current to a Leeds and Northrup number 10915 universal 
silicon controlled rectifier power package regulating 220 
volts to the furnace windings. The output voltage and current 
were monitored by Simpson meters. 
The output of an AlgO^-enclosed control thermocouple of 
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platinum-platinum 10% rhodium wire, placed between the 
furnace windings and the reaction tube, was displayed on a 
Leeds and Northrup Speedomax H strip chart recorder utilizing 
an appropriate range card in place of the AZAR unit. A 
desired set-point tenperature was maintained, as the Speedomax 
H recorder provided an error signal input to the C.A.T. unit. 
A Leeds and Northrup Trendtrak curve follower unit provided 
program capabilities for heating and cooling which were not 
utilized in this experiment. 
The environmental temperature of the specimen was 
measured by a separate thermocouple in position in the re­
action tube (Figure 6) approximately 1/4 inch from the sample. 
This thermocouple was fashioned of reference grade platinum-
platinum 10% rhodium wire and was calibrated against a 
standard platinum-platinum 10% rhodium thermocouple which had 
been calibrated by the National Bureau of Standards.^ This 
sample thermocouple was enclosed in a double-bore, recrystal-
lized alumina tube, and the protruding bead was imbedded by 
firing on a coat of Norton RA 1139 alumina cement. The 
temperature of this thermocouple was assumed to be the 
temperature of the sample and the output of the sample 
thermocouple was recorded by the second channel of the Leeds 
and Northrup Speedometer XL 680 two-channel, potentiometric 
recorder. 
^Calibrated by National Bureau of Standards on September 
3, 1968; Test No. 196549. 
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Figure 6. Schematic diagram of the sample reaction tube 
63 
The limit of discernible temperature change utilizing 
a 20 millivolt full-scale display was ± 1®C. The temperature 
control capabilities of the furnace were within this value, 
while the temperature over a one inch length about the sample 
position varied by ± 2®C. 
Atmosphere Control 
Thermogravimetric measurements were made in oxygen 
partial pressures ranging from 10 ^ atmosphere to 10 atmos­
phere. To provide a controlled sample environment required 
flowing various mixtures of argon and oxygen or mixtures of 
carbon monoxide and carbon dioxide into the specimen chamber. 
The total balance system was maintained at a pressure of 0.1 
atmosphere by a Welch Duo-Seal forepuirç> connected to the 
specimen chamber through a Gilmont Cartesian diver pressure 
control. A mercury trap between the pressure control and the 
balance system protected the cadmium plated balance beam from 
mercury attack. A forepump filter prohibited the backstream­
ing of vacuum pump vapor into the balance system. 
The gases used in this experiment were obtained com­
mercially from Air Products and Chemicals, Incorporated. 
The gas grades used were: argon, ultra high purity (99.998%); 
oxygen, zero grade (99.99%); carbon monoxide, ultra high 
purity grade (99.8%); and carbon dioxide, Coleman grade 
(99.99%) . The manufacturer's guaranteed minimum purities are 
included in Table 1. Each gas was subjected to a cleaning 
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Table 1. Manufactxirer• s minimum guaranteed gas purities 
Species Quantity Species . Quanti 
Argon 99.998% Oxygen 99.99% 
Carbon dioxide 2 ppm Carbon dioxide 0.5 ppm 
Hydrogen 10 u ppm Carbon monoxide 1.0 ppm 
N itrogen 15 ppm Nitrogen 10-40 ppm 
Oxygen 4 ppm Argon 10-20 ppm 
Hydrocarbons 2 ppm Hy drocarbons 1.0 ppm 
Water 4 ppm Methane 1.0 ppm 
Dew point -88®F Nitrous oxide 0.1 ppm 
Water 1.0 ppm 
Dew point -105°F 
Carbon monoxide 99.8% Carbon dioxide 99.99% 
Oxy gen/argon 0.0130 mol% Oxygen/argon 14.0 ppm 
Hydrogen 0.0005 mol% Hydrocarbons 7.0 ppm 
Nitrogen 0.0700 mol% Nitrogen 41.0 ppm 
Carbon dioxide 0.0040 mol% Carbon monoxide 10.0 ppm 
Methane 0.0005 mol% Water 9.0 ppm 
Dew point . -90 ®F Dew point -78°F 
and drying procedure before being introduced into the reaction 
chamber. 
•Phe argon flow was successively passed through tubes of 
activated alumina, copper shavings at 600and activated 
alumina, while the oxygen stream was treated to two successive 
beds of activated alumina. The carbon monoxide was passed 
through successive tubes containing activated alumina, Mallco-
sorb, and activated alumina, while the carbon dioxide gas 
was cleansed by flowing through tubes of activated alumina, 
copper shavings at 600*0, and activated alumina, in that order. 
The activated alumina was used as a drying agent, the 
glass tubes being filled with Alcoa F-1 to which a small 
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amount of indicating F-6 had been added. The heated copper 
shavings were used to react with any free o^^gen present in 
the argon or carbon dioxide. Frequent replacement of the 
shavings insured fresh reaction surfaces for the removal of 
oj^gen from these gases. Mallcosorb is an indicating carbon 
dioxide absorbant. 
The regulated gas sources were metered by glass mano­
metries dual-range flowmeters (84) using a silicone-based 
diffusion pump oil as the manometer fluid. Four similar 
manometers made possible their use in pairs to meter two 
gases ^ich were subsequently mixed by flowing through a bed 
of glass beads. The calibration of the manometers was ac­
complished by measuring the progression of a soap bubble 
along a graduated column for a number of pressure drop set­
tings . These velocities were then converted into volume flow 
rates. 
In practice, each manometer could be set against atmos­
pheric pressure, as the flow of the mixed gases could be 
directed to the specimen chamber or to a gas discharge 
bubbler open to the atmosphere. The gas discharge bubbler 
is a short column of silicon-based diffusion pump oil, open 
to the atmosphere, into which the gas stream may be dunked. 
This provides a handy means to exhaust excess gas, while the 
oil provides a low-pressure seal against the atmosphere. 
The procedure used was to select a gas mixture by the proper 
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adjustment of one pair of manometers while delivering the 
gas flow to the atmosphere through the gas discharge bubbler. 
This pre-selected mixture was then switched into a flow path 
consisting of two branches ; one terminating in an identical 
gas bubbler, while the other progressed to the sangle chamber. 
Any excess gas was then discharged through the bubbler to the 
atmosphere. The mixed gases progressed through a fine meter­
ing valve, a Matheson number 601 rotameter, and finally into 
the specimen chamber. The calibrated rotameter measured the 
final flow rate into the specimen chamber. In order to 
achieve flow consistency, the flow rate was adjusted with the 
fine metering valve upstream of the rotameter. This insured 
that the pressure drop from atmospheric pressure to the 0.1 
atmosphere pressure in the specimen chamber took place across 
this metering valve and not across the rotameter. The setting 
of this fine metering valve was not changed during the course 
of the experiment. This resulted in small but reproducible 
changes in the flow rate into the sample chamber depending 
on the gas mixture flowing through the valve and rotameter. 
It was felt that accounting for these changes by blank 
calibration was more accurate than any attempt to consistently 
change and subsequently reproduce valve settings. 
While one pair of manometers were being used to deliver 
a gas mixture to the specimen chamber, the other pair could 
be preset for the next desired gas mixture. A stepwise 
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change in gas mixtures could then be acconplished. The 
disposal of the excess gas against the atmosphere insured 
that, above some minimum flow, the flow rate into the sample 
chamber was independent of the flow rates of the manometers. 
Therefore, manometer flow rates could be chosen which mini­
mized manometer errors due to scale reading and flow adjust­
ment. 
-1 -4 Oxygen partial pressures from 10 atmosphere to 10 
atmosphere were obtained by mixing oxygen and argon, while 
o x y g e n  p a r t i a l  p r e s s u r e s  f r o m  1 0 a t m o s p h e r e  t o  1 0 a t m o s ­
phere were realized utilizing mixtures of carbon dioxide and 
carbon monoxide. The oj^gen partial pressure produced by 
the dissociation reaction 
CO2 = CO + 1/2 ©2 (58) 
is dependent on the ratio of the respective gases and the 
tençserature at which the dissociation takes place. Knowing 
the tençjerature dependence of the equilibrium constant for 
Equation 58, one may calculate the oxygen partial pressure of 
various mixtures as a function of temperature (100) . A flow 
rate of at least 0.8 cm/sec. past the sample was maintained 
at all times to prevent separation of the gas mixtures due 
to thermal diffusion (101) . 
The gas flow was admitted into the specimen chamber 
after first flowing down an annular space between an inner 
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reaction tvibe and the outer combustion tube, both of which 
were fashioned of McDanel 998 high purity, recrystallized 
alumina. Details of the sample reaction tube may be seen 
in Figure 6. The circuitous route of the gas flow acted to 
preheat the mixtures, thereby insuring an equilibrium oxygen 
pressure about the sample. The collar on the interior tube 
acted as an effective radiation shield, as well as directing 
the gas flow properly into the annular space between the 
tubes. Proper flow paths were verified by sample reactions 
to changes in flow rates. 
Specimen Preparation 
Theoretically, the relative physical state of the thermo-
gravimetric specimen should not affect the values of the 
deviation from s to ichi ome try determined by equilibrium weight 
change measurements ; however, the porosity of the sample will 
affect the rate at which equilibrium is achieved. The most 
practical polycrystalline specimen for thermogravimetric 
measurements is a relatively dense, sintered specimen vrfiich 
has enough inherent strength to survive the rigors of 
thermogravimetric testing. 
The barium titanate powder used in this investigation 
was obtained commercially from Johnson Matthey Chemicals 
Limited marketed under the trade name Specpure. An extensive 
batch analysis by emission spectroscopy supplied by the 
manufacturer detected only 20 ppm calcium, 3 ppm silver. 
69 
3 ppm copper, 1 ppm aluminum, 1 ppm magnesium, and less than 
1 ppm silicon as the metallic impurities. Table 2 includes 
the iiipurities found by an additional emission spectroscopy 
examination of the beginning powder, as well as the results 
of analyses on the pressed and sintered specimen prior to 
testing and after testing. This analysis, while only semi­
quantitative due to the lack of standards, tends to make the 
manufacturer's analysis appear to be rather optimistic. 
This barium titanate powder is quite stoichiometric, as 
the manufacturer reports a Ba:Ti ratio of 1.0004. Figure 7 
is a series of scanning electron micrographs showing the 
distinctive features of the beginning powder. The ultimate 
particle size appears to be less than one micron. The 
agglomerate size is hard to discern, as the calcination 
temperature has obviously been high enough to initiate some 
degree of sintering. The formation of "rosettes" and their 
subsequent agglomeration into chain structures predicts poor 
compaction properties of the unmilled powder. 
Powder loads of 2.90 grams were lightly (2200 p.s.i.) 
pressed without the aid of a binder in a 3/4 inch diameter 
tungsten carbide lined die. No discernible die contamination 
could be seen on the edge or faces of the resulting pellet. 
The pellet was then isostatically pressed to a pressure of 
15,000 p.s.i. maintained for two minutes. This compact was 
then placed in a stabilized zirconia crucible partially 
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Table 2. Iitçsurities as indicated by emission spectroscopy 
Concentration 
Element Powder^ Before^. After^ 
A1 n.d.^ n.d. n.d. 
Bi n.d. n.d. n.d. 
Ca 'b 100 ppm 100 ppm 'V' 500 ppm 
Cr < 100 ppm^e < 100 ppni^ < 100 PPiQj^ 
Cu n.d. n.d. n.d. 
Fe n.d. 5 ppm ~ 200 ppm 
Mg 'Xi 5 ppm 'u 5 ppm 60 ppm 
Mn n.d. n.d. n.d. 
Nb n.d. n.d. n.d. 
Pb n.d. n.d. n.d. 
Sb n.d. n.d. n.d. 
Pt n.d. n.d. n.d. 
Si 100 ppm 'V' 100 ppm 'V'2000 ppm 
Sn n.d. n.d. n.d. 
Sr n.d. n.d. n.di 
W n.d. n.d. n.d. 
Zr n.d. n. d. n.d. 
^aTiOg powder as received. 
^BaTiOg specimen; pressed, sintered and polished, 
before testing. 
^BaTiOg specimen; after testing. 
^ot detected. 
^Interference. 
Figure 7. Scanning electron photomicrographs of BaTiO^ 
powder 
a. 200X, 45® tilt 
b. 2000X, 20° tilt 
c. 6000X, 20° tilt 
d. 20,000X, 45° tilt 
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filled with loose barium titanate powder of identical composi­
tion. Additional powder was added to completely cover the 
pellet, isolating it from the crucible and the reducing 
effect of the furnace atmosphere. This crucible was fitted 
with a lid and placed in a larger, covered zirconia crucible 
for firing. Sintering was carried out at 1425°C for two 
hours. 
During the sintering operation, the loose powder shrank, 
adhering to the surfaces of the cylindrical pellet. It was 
felt that the powder covering provided a stoichiometric 
oxygen pressure at the pellet-powder interface which would 
result in the production of a high-purity, unreduced specimen. 
This hypothesis appeared to be valid, as the pellets under­
went no color change as a result of the sintering process. 
After cooling, the adherent powder was ground off and 
the specimen was ground to a rough rectangular parallelepiped 
shape on a 125% diamond disk using water as a grinding 
lubricant. Grinding to the final dimensions of 1.200 cm x 
0-500 cm X 0.240 cm was accomplished on a 30y diamond disk, 
again using water as a grinding lubricant. A 0.040 inch 
diameter hole was drilled on center approximately 2 mm from 
the top edge of the finished specimen with a diamond drill 
and water lubricant. The sample was then cleaned ultra-
sonically for five minutes in distilled, deionized water and 
dried overnight above 200°C. Final, consecutive ultrasonic 
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rinses in methanol, acetone, and petroleum ether completed 
the sample preparation. The finished specimens were stored 
in a vacuum desiccator until needed. 
Figure 8 is comprised of a series of scanning electron 
micrographs of the pressed and sintered specimen prior to 
testing. The specimen preparation process outlined above 
yielded a relatively dense (85-91% theoretical) sample of 
regular grain size and isolated porosity. Short investiga­
tions of isostatic pressing pressures and various firing 
temperatures showed a lack of improvement in density by 
increasing either the forming pressure or sintering tempera­
ture . 
A blank sample was formed by duplicate grinding and 
drilling techniques applied to a piece of laser ruby. The 
dimensions were carefully fixed, because volume duplication 
is most inçjortant to account for bouyancy and aerodynamic 
drag due to the dynamic gas stream. The cleansing and storage 
procedures were basically the same for the blank and the 
experimental specimen. Samples produced by this procedure 
weighed approximately 750 mg, and the original weights were 
determined to 0.01 mg on a Sartorius laboratory balance which 
had been calibrated with class M weights. 
Figure 8. Scanning electron photomicrographs of BaTiO, 
pressed and sintered specimen before and 
after thermogravimetric analysis 
a. Before testing, 600X, 45° tilt 
b. Before testing, 2000X, 20° tilt 
c. After testing, lOOX, 45° tilt 
d. After testing 300X, 20° tilt 
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Experimental Procedure 
Much time and effort was expended in aborted attempts 
to take meaningful data. Since much was learned from each 
failure, the process of failure would seem to be inextricably 
intertwined with the promise of experimental success. After 
a moderately successful experimental procedure was derived 
from experience, it was rigidly followed in an effort to 
achieve consistency. 
Prior to the taking of the preliminary data as well as 
the final data, the slit adjustment and the temperature 
coefficient adjustment procedures (97) specified by the 
manufacturer were carried out on the balance. The slit 
adjustment procedure equalizes the lifting capabilities of 
the sample side and the tare side of the beam. This adjust­
ment is best performed on a well-balanced beam, so the 
balance beam was first completely aligned and statically 
balanced. The temperature coefficient adjustment assures 
thermistor compensation of the balance circuitry. 
The basic experiment was a series of isothermal runs 
meastiring the weight change of a sample for various changes 
in oxygen partial pressure. A complete range of 03^gen 
partial pressures was investigated for a single temperature 
before the procedure was repeated for another temperature. 
Isothermal investigations were carried out at 100°C intervals 
over the temperature range from 900®C through 1400®C. This 
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procedure was repeated for various specimens of like 
dimensions but of slightly different density and weight. 
Prior to the beginning of each test series for an 
individual specimen the balance was calibrated with class M 
weights, according to the manufacturer's procedure (97). 
This procedure assures that the recorder being used to record 
balance output is adjusted to the mass-adjusting circuitry 
of the balance, which in turn has been set utilizing known 
weights. Therefore, a change in weight will be acconçanied 
by a linearly proportional change in recorder reading. 
The sample was suspended from the more sensitive of the 
two balance loops (loop A: total load not more than 1 gram, 
total weight change not more than 200 milligrams) by means 
of a 10 mil diameter single-crystal sapphire filament. Hooks 
were fashioned on each end by fusing short pieces of sapphire 
to the suspension filament. A stabilized zirconia hook was 
fabricated to fit between the sapphire suspension filament 
and the barium titanate sample in order to prevent reaction. 
On the basis of reported data (102) , this hook was considered 
to contribute no weight changes during the course of the 
examination. 
Upon sealing, the microbalance system was evacuated to 
the experimental pressure of 0.1 atmosphere. When the 
system was fully stabilized, a flow of pure oxygen was intro­
duced, and the specimen was heated to the first test tempera­
79 
ture. The specimen was allowed to equilibrate for a period 
of time (usually overnight) in the pure oxygen atmosphere 
(P = 10 ^ atmosphere). This provided a reference weight 
2 
for each isotherm to which all other weights could be 
referred. Actually, the weight at any oxygen partial pressure 
could be used as a reference point, as all of the weight 
changes are relative. 
All measurements were made in a flowing gas stream, as 
this was interpreted to be a requisite for the establishment 
of a dynamic equilibrium measurement situation. Stepwise 
reductions in oxygen pressure were imposed on the sample by 
flowing various gas mixtures into the sample chamber. It 
was assumed equilibration had taken place when the sample 
weight stabilized, and the relative weight change was then 
recorded. A new gas mixture was subsequently introduced to 
replace the existing atmosphere, and the measurement procedure 
was repeated. 
Data were gathered during reduction and oxidation of 
the sample; so many of the data points, which one assumes 
to represent equilibrium reversible weight changes, were 
approached from opposite directions of oxygen partial 
pressure. This should preclude the interpretation of possible 
metastable states as equilibrium points. Generally, equili­
bration times seemed to be shorter during oxidation steps 
than were the times required to accomplish the same degree of, 
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reduction. Admittedly, this is a qualitative observation 
for which several exceptions have been noted. 
A complete set of isothermal data was taken, using a 
duplicate experimental technique, for the ruby blank. Every 
effort was made, including corresponding calibration pro­
cedures, to exactly duplicate the experimental procedure 
utilized in gathering the barium titanate data. The stepwise 
collection of blank data under both reducing and oxidizing 
conditions made possible an available correction for system 
artifacts for any combination of temperature and 03^gen 
partial pressure encountered in the course of the experiment. 
The blank corrections include the effect of using various gas 
mixtures by allowing for different bouyancies, viscosities, 
thermal expansions, heat capacities, frictional coefficients, 
and thermo-molecular flow effects. 
A number of features of this measurement experiment, 
along with the techniques used to gather the data refine the 
basic premise of thermogravimetric measurement into a viable 
tool for scientific investigation. Measurements were made 
with a recorder span representing 400 micrograms. Therefore, 
changes of 0.4 microgram could be interpolated. Noise levels 
as low as ± 0.5 micrograms achieved by external filtering of 
low time constant mechanical noise, made measurements in the 
one microgram region possible. Heat shielding was very 
effective in eliminating balance drift. A highly efficient 
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room temperature control system eliminated balance fluctua­
tions due to room temperature cycles. The small ( 3/4 inch 
diameter) inner alumina tube in which the sançle was centered 
was of a size sufficient to reduce aerodynamic noise, vAile 
operation of the balance system at reduced pressure practi­
cally eliminated tare weight bouyancy contributions. 
Extensive shielding and careful attention to proper earthing 
provided protection against static charge accumulation and 
spurious potentials. The use of a high purity alumina com­
bustion tube to avoid a possible contamination source was 
made possible by a Pyrex glass to alumina graded seal (No. 
7740^ - No. 7321^ - No. 7280^ - alumina) (10 3). 
Errors 
Bie ultimate balance precision of 0.1 microgram is 
systematically decreased by the experimental environment in 
which the balance is operating. Small weight changes could 
be reproduced within a range of ±1 microgram as a general 
observation. The wei^t changes associated with the blank 
specimen showed excellent reproducibility when conditions of 
temperature and oxygen partial pressure were duplicated. 
The blank data then serve as a measure of the precision of 
the balance system. îhe lack of a corresponding degree of 
reproducibility in the measurements involving the barium 
^Coming Glass numbers. 
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titanate sainples cannot be attributed to a lack of precision 
in the weighing system. Rather, this lack of precision must 
be a real response to the change in sample environment. 
Therefore, the lack of precision must be due to those portions 
of the system which provide and measure this change in environ­
ment. Assuming equilibrium, the sairple should react in the 
same manner to the same set of environmental conditions. 
Clearly, the ability to reproduce specific conditions of 
temperature cind oxygen partial pressure must then be somewhat 
lacking in precision. 
Errors in the sample temperature may be due to lack of 
absolute temperature control, to a thermocouple placement 
different than sample placement, to the radiation heating 
effect for the thermocouple differing from that of the sançle, 
and to a lack of absolute reproducibility in gas mixtures 
(and thereby heat capacities and thermal conductivities). 
The sample temperature was assumed to be that of the thermo­
couple. Reproducibility in thermocouple placement will fix 
this error. The specimen temperature seldom showed a notice­
able deviation from a straight line. Allowing for the dead 
band of the recorder, the temperature was maintained within 
1®C for all temperatures. This introduces an error of 0.14% 
to 0.22% depending on the temperature. 
Errors in the oxygen partial pressure surrounding the 
sangle will be due to errors in tençerature, errors in gas 
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mixtures, presence of gas inçjurities, conditions of gas 
metastability, and errors included in the thermochemical 
data for the dissociation reaction for caibon dioxide» The 
temperature error of 0.2% will introduce an error in the 
oxygen partial pressures resulting from the dissociation of 
carbon dioxide. This effect will be minimal, however, as 
log K = -AF^4.576 T, (59) 
where K is the equilibrium constant for the dissociaticMi of 
1 mole of CO^ gas, is the free energy change of the 
reaction, and T is the absolute temperature at which the 
reaction takes place. This error in log K will vary from 
0.06% to 0.09%. The maximum error in 03^gen partial pressure 
would then resolve to 0.25%. 
The most serious gas mixture errors should occur at the 
lowest flow rates of the fine ranges. The maximum error 
observed when attempting to reproduce calibration data was 
3%, while most settings reproduced their corresponding flow 
rates within 2% error. For the extreme cases where this 
error occurs in the minor constituent of the mixture, the 
error in the 03^gen partial pressure may be resolved to range 
from 0.15% to 0.50%. This maximum error naturally occurs 
where the negative logs of oxygen partial pressure have the 
smallest magnitudes, therefore this error occurs at the 
highest oa^gen partial pressures. Thus the maximum error 
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occurs where sample weight is least affected. 
The presence of impurities in the gases has been mini­
mized by cleaning and drying procedures and by the use of 
high purity gases. The oxygen partial pressures used in 
the course of the measurements were always within the stabili­
ty ranges of the components. It should be pointed out that 
at cooler points in the system, metastab le conditions for 
a particular gas mixture may exist. Therefore, while sooting 
in the area of the sample was avoided, some carbon deposition 
on the suspension filament in. cooler regions does take place. 
This effect will also occur during blank runs and should be 
accounted for by this calibration procedure. 
The free energies for the dissociation reaction in 
Equation 58 have an error of ± 30 calories (100) . This leads 
to an error range in log K in Equation 59 of from 0.68 to 
0.85%. The maximum corresponding oxygen partial pressure 
error range will be from 0.10% to 0.24%. 
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RESULTS AND DISCUSSION 
Thermo gravimetric measurements were carried out on 
barium titanate over a temperature range of 900®-1400®C and a 
span of oxygen partial pressures varying from 10atmosphere 
to 10 atmosphere. By necessity rather than design, the 
experiment was performed in two distinct sections; a pre­
liminary data run from which information was gathered and 
utilized to refine the experiment, and a final section of 
work which extracted data from three different sample runs. 
The results will be presented and discussed in this order, so 
the lessons learned from the preliminary work may be passed 
on, thereby reflecting on the improvement in the final experi­
ment. 
Preliminary Work 
The original experiment was designed to determine the 
dependence of the weight of pure barium titanate upon the 
variables of temperature and oxygen partial pressure. It was 
hoped that this weight change might be related to a mechanism 
or mechanisms most probably responsible for the observed 
experimental behavior. With this premise in mind, a set of 
isothermal wei^t change data was taken as a function of 
ojygen partial pressure. The measurements were taken in 
flowing gas streams, and measurements were made both in the 
direction of reducing and increasing oxygen pressure. 
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Although many experimental difficulties are introduced by a 
flowing gas stream, the experimentalist cannot be sure of 
equilibrium gas mixtures when allowing a static gas phase to 
exist at elevated temperatures. Approaching equilibrium from 
both directions also places the burden of reproducibility 
upon the researcher, but with that burden comes the assurances 
that once reproduced, a data point may be justifiably labeled 
as an equilibrium representation. 
Operating within the above mentioned constraints, iso­
thermal curves were determined. The thermogravimetric analy­
sis is usually lengthy due to equilibration times, and the 
only solution to avoid excessively long runs is to limit the 
number of data points included in each isothermal experiment. 
The first lesson learned from this preliminary experiment was 
the number of data points included in each isothermal experi­
ment must be determined by the degree to which the shape of 
the isotherm is to be specified rather than by the amount of 
time the experiment takes to complete. The need for many 
more data points was readily evident, as these preliminary data 
did not include points sufficiently close to clearly define 
the areas of curvature. 
In support of the data taken in the course of this pre­
liminary work, one should note that while point-to-point 
reproduction of identical conditions of temperature and 
oxygen pressure was not always as good as had been hoped for. 
87 
the sample usually gained back on reoxidation the same 
amount of weight that had been lost on reduction. The 
disparity between common points, while originally blamed on 
the lack of reproducibility of the experiment, will later be 
seen to reflect an actual response of the sample to the 
changing environmental conditions. The key to this conclusion 
was the reproduction of the total weight change for reducing 
and oxidizing conditions. 
Figure 9 indicates the extreme physical deterioration 
that takes place during the course of the six isothermal 
determinations which make up one complete thermogravimetric 
experiment. A loss in weight of approximately 0.15% is 
experienced typically, although this figure is certainly rela­
tive depending upon the amount of time the sample has been 
exposed to the highest temperatures and the lowest oxygen 
partial pressures. While the specimen prior to testing pre­
sents a fairly dense and regular surface, the experimental 
sample is badly cracked, shows faceting or preferred crystal­
line growth, and has areas of preferred orientation. The 
appearance of a preponderance of the cracks near the sus­
pension hole or top of the sample is to be expected as higher 
forces due to its own weight are exerted on this area of the 
sample. The rounding of the sançle edges and the edges of 
cracks would be expected, as edges are areas of hi^ energy; 
therefore, preferential material removal will occur at these 
Figure 9. BaTiO^ specimen 
a. Before testing (~11X) 
b. After testing 
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areas. 
The faceting of samples exposed to cycles of temperature 
and to fluctuations from oxidizing to reducing conditions and 
back has been previously observed to occur in barium titanate 
during the course of electrical measurements (89) . These 
cyclical conditions of temperature and oxygen partial pressure 
seem to trigger a recurrence of dis continuous grain growth, 
and areas of preferred orientation are promoted. 
The specimens for this analysis were originally sintered 
at a temperature greater than the maximum test temperature 
in an attempt to fire in a stable grain matrix. That dis­
continuous grain growth has become active during the experi­
ment may be verified by a comparison of the scanning electron 
micrographs presented in Figure 8. Plate c is of particular 
interest, as this is the surface of a fracture which occurred 
during the experiment. The existence of parallel hills and 
valleys may be due to thermal "grooving", the preferential 
removal of material to round the sharp structure exposed 
during the cracking process. 
During the course of this initial experiment, the sapphire 
suspension filament failed in the area of the barium titanate 
specimen. Subsequent microscopic examination of the filament 
and the area of the barium titanate specimen in which contact 
with the filciment was made indicated that a reaction was 
taking place. An electron microprobe examination of the 
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specimen did not reveal the nature of the reaction, but some 
silicon contamination of the sample was observed. This 
prompted the replacement of the mullite tubes used in this 
preliminary work with the high purity, recrystallized alumina 
tubes in which the final experimental data were taken. The 
microprobe analysis plus an observed positive drift at higher 
temperatures led to the conjecture that, at the highest 
experimental temperature, impurities (predominately silicon 
monoxide) may boil out of the mullite structure and be trans­
ported to the saitple and suspension filament surfaces by 
the flowing gas stream. That some impurities did pass through 
the mullite tubes had been previously inferred by the 
appearance of concentric areas of discoloration on the inner 
and outer tubes in the proximity of a piece of low-purity 
insulator brick used in the construction of the furnace. The 
replacement of the mullite tubes with alumina tubes (as well 
as the substitution of more pure furnace refractories) was 
considered to be a significant refinement of the initial 
experimental system. 
While the initial suspension failure may have been 
serendipitous in the sense that it triggered the elimination 
of a possible contamination source, the persistence of the 
reaction between the sapphire filament and the barium ti tana te 
specimen at the hi^er temperatures and lower oxygen partial 
pressures threatened to limit the scope of this experiment. 
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A workable solution was to fashion a hook of some inert 
material to be placed intermediate to the sapphire suspension 
filament and the barium ti tana te saitple. Barium ti tana te is 
commonly fired on plates of stabilized zirconia in the 
industrial production of ceramic dielectric bodies; therefore; 
a hook was made of calcium-stabilized zirconia, and all the 
final experimental data runs as well as the blank run were 
made with this same hook in place. The low reported thermo-
gravimetric wei^t losses of zirconia (102) as well as the 
small size and weight of the hook relative to the sample 
predicted no appreciable contribution to the observed weight 
changes due to the hook. 
Although the reaction problem as an impediment to the 
progress of the experiment had been solved, the nature of the 
reaction occurring between the sapphire suspension filament 
and the barium ti tana te specimen remained a mystery. The 
evidence that the reaction occurred was clear: a "crust" 
forming on the filament in the area of specimen contact, a 
notching of the specimen where the filament touched, and 
ultimate filament failure. However, microprobe examination 
of the barium titanate specimen had not indicated the presence 
of detectable quantities of aluminum. 35ie decision was made 
to investigate the nature of this reaction by approximating 
the conditions of the experiment and observing the results of 
any ensuing reaction. 
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To produce a reaction area which might be easily 
examined, a piece of sapphire filament was laid on a sintered 
specimen of barium titanate, and the composite was fired at 
1400®C for five hours. The reaction progressed under these 
conditions resulting in the sinking of the sapphire filament 
down into the surface of the barium titanate specimen. 
Figure 10 shows the microprobe traces for a cross section of 
the sapphire filament and for the area of the barium titanate 
specimen immediately adjacent to the notch remaining after 
the filament was removed. Plates a and d of Figure 10 are 
site pictures with the trace line and the aluminum trace 
superimposed. 
The reaction clearly is an attack of the sapphire by the 
barium titanate. Although the initial evidence of this 
reaction was the failure of the suspension filament, previous 
investigation had been carried out in an effort to find 
aluminum in the area of the "reaction notch" in the barium 
titanate body. The notch is merely a result of material 
leaving the barium titanate specimen to react with the 
sapphire filament, rather than the presupposed result of the 
alumina attacking the barium titanate. The presence of barium 
and titanium randomly distributed in the structure of the 
sapphire filament leads one to speculate that the reaction may 
be a substitutional solid solution rather than an alternative 
reaction mechanism such as intergranular attack. Elemental 
Figure 10. Microprobe traces of sapphire filament and BaTiO^ 
specimens 
a. Filament cross section, trace line, 
and Al trace (500 X) 
b. Filament, Ba trace {500X) 
c. Filament, Ti trace (500X) 
d. BaTiO- cross section, trace line, and 
Al trace (500X) 
e. BaTiOg, Ba trace (500X) 
f. BaTiOg, Ti trace (500X) 
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excitation spectra sustain, this thesis. Hie isolated 
traces presented in Figure 10 do not lend themselves to 
interpretation as to the relative concentrations present, as 
the intensities are not relative to each other and the traces 
are affected by surface irregularities and localized con­
centrations of material. 
The preliminary experiment proved to be a real learning 
experience as much information was gained as to the type of 
experimental data which thermogravimetric analysis is capable 
of providing. The initial experience with the experimental 
system pointed the way to many needed refinements of the 
system itself as well as the experimental techniques associ­
ated with the taking of data. The initial data, while 
admittedly sketchy, did indicate trends which solidified 
the final experimental procedure. Failures associated with 
this early work resulted in interesting investigations, the 
results of which may hopefully prove useful to others embark­
ing on thermogravimetric research attempts. Finally, this 
initial research provided the author with that intangible 
factor which only comes from using a specific experimental 
system over an extended period of time; whether it be experi­
ence, expertise, or a comraderie between the experimentalist 
and his equipment, this factor seems to be necessary for the 
successful completion of any piece of research work. 
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Final Analysis 
The data taken in the final thermogravimetric experiment 
are those data upon which the conclusions of this disserta­
tion are based. Tabulated in Appendix A, these data were 
gathered during three distinct experimental runs on different 
barium titanate specimens. The data taken in the first run 
covered the greatest interval of oxygen partial pressures 
and were taken only in the direction of decreasing oxygen 
activity. The data representing the last two runs spanned a 
more conservative range of oxygen partial pressures ^ but the 
data were taken under both reducing and oxidizing conditions. 
Average behavior of nonstoichicanetric BaTiOg-^ 
The three experimental runs resulted in a fairly large 
amount of data when one considers that each set of experi­
mental conditions for runs two and three have two associated 
data points, while run one contains duplicate isothermal 
tests (as a test of data reproducibility) for the 1000°C and 
1400"C temperatures. The duplicate isothermal tests of run 
one show fairly good reproducibility, considering that these 
isotherms were not determined consecutively. The data in the 
reduction-oxidation experiments did not show excellent repro­
ducibility between like conditions of temperature and oxygen 
partial pressure when these conditions were approached from 
different directions of os^gen activity. This, however, may 
represent the actual response of the barium titanate specimen 
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rather than the failure of the experiment to demonstrate 
reproducible measurements. 
Because of the large number of data points to handle 
and because of the lack of reproducibility between the 
reducing data and the oxidizing data of runs two and three, 
all the data representing each condition of temperature and 
oxygen partial pressure were averaged. While the magnitudes 
of the weight losses exhibited variance, the trends displayed 
by the individual thermogravimetric runs were quite similar; 
therefore the average data points for the isotherms were 
viewed as a legitimate representation of the population of 
data points making up the curve. An alternative procedure 
would have been to plot all of the data points for each iso­
thermal test, and then attempt to represent this rather 
unwiel^ data population by a single curve. 
A criticism may be raised that the disparity between 
oxidizing and reducing data curves may be due to a lack of 
true equilibrium for either or both sets of data, or the two 
sets of data may result from mechanistic differences between 
the evolution and the incorporation of oxygen by barium 
titanate under the conditions of this experiment. If 
metastable equilibria occur, the extreme limits of the lack 
of true equilibrium due to taking these data from different 
direction of approach will be the individual oxidation and 
reduction curves. The use of an average representative curve 
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lying between these two extremes contends that the best 
representation of equilibrium lies somewhere between the 
two extremes of non-equilibrium. The lack of a legitimate 
reason to bias toward either extreme makes the average curve 
the best estimate of a representative display of the entire 
data population. For different oxidation and reduction 
mechanisms, the average data curves would not be a particu­
larly legitimate representation of the experimental b^avior. 
Figure 11 is a display of the average isothermal oxygen 
pressure dependence of the defect concentration in non-
stoichiometric barium titanate under the reducing and oxidiz­
ing conditions of this experiment. The error bars on the ends 
of the straight-line portions of the curves are the standard 
error of estimate of y on x generated by the fitting of those 
straight lines to an equation of the form 
Y = ACO) + A(l)x. (60) 
The error bars were drawn only at the ends of the linear 
region and represent the error envelope in which the estimate 
of the best line of linear regression resides. These error 
bars are not meant to represent the error of individual data 
points. 
The range of data points about each average data point 
is, in most cases, larger than the standard error representa­
tion for the curves. Because the distribution of data for 
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Figure 11. Average isothermal oxygen pressure dependence of 
the defect concentration in barium titanate 
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each point is statistically small and not at all normal, the 
average data points do not necessarily reside in the middle 
of their respective population ranges. Also, as is the 
nature of a logarithmic plot, constant errors of the function 
appear as different error ranges over the length of the plot. 
Thus, an error of one microgram will appear quite significant 
(and percentage-wise is) near the top of Figure 11, while the 
same error will go virtually unnoticed in the bottom regions 
of the curves. Table 3 is a tabulation of the parameters of 
the curve-fitting process for the straight line portions of 
the average isothermal curves. The correlation coeffcients 
give excellent statistical evidence that these portions of 
the graphs are properly represented as linear. 
Table 3. Parameters for linear regression lines: y = A(0) + 
A(l)x for Figure 11 
Tenperature 
"C A(0) A(l) r* S(x.y) 
900 -5.3312 -0.1014 -0.9866 0.0237 
1000 -5.5706 -0.1400 -0.9941 0.0261 
1100 -6.0207 -0.2166 -0.9976 0.0301 
1200 -5.7161 -0.2350 -0.9959 0.0363 
1300 -5.2474 -0.2367 -0.9959 0.0370 
1400 -4.6609 . -0.21,41 -0.9980. 0.0233 
^Correlation coefficient. 
^Standard error of estimate. 
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Impurity effects are extremely significant at very low 
defect concentrations, as the presence of impurities in the 
starting material results in a nonstoichi©metric reference 
state. The ionization of the defect structure introduced by 
amphoteric impurities will affect the equilibration of the 
condensed phase with the vapor phase. In the area of very 
small intrinsic weight changes, these extrinsic effects will 
introduce an extremely high error or obliterate completely the 
intrinsic behavior. Therefore, the therroogravimetrie data at 
very low defect concentrations may not represent the intrinsic 
mechanism of equilibration between barium titanate and the 
experimental environment. Instead, the behavior of included 
impurities may be represented by the weight change data. 
While small weight chainges were usually reproducible 
to ± 1 microgram, larger changes did not exhibit this degree of 
reproduciblity. If the uncertainty in cumulative weight 
change measurements is assumed to be approximately twice the 
maximum demonstrable reproducibility for small weight changes, 
very little significance may be attributed to cumulative 
weight changes of less than 5 micrograms. This value is near 
the point where the data appear to begin to exhibit a con­
sistent behavior, as below 5 micrograms a lack of predict­
ability is evident. Points representing weight changes below 
this level, vAien included in the curve fitting process, result 
in a much poorer representation of the data by a straight line. 
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Since it is certainly not the author's intention to overstate 
the capabilities of his experiment, the limit was applied to 
all of the plotted data. The result is curves with a greater 
degree of certainty than are produced by those investigations 
that would attempt to lend significance to weight changes well 
within the error of the experimental system. 
At the other extreme of the thermogravimetric data, the 
area of such large defect concentrations as to promote defect 
interaction, a departure from the predicted linear relation­
ship between log x and log Pq^ may also be observed. The data 
in Figure 11 clearly illustrate those areas on the highest 
four isotherms. Again, those points which resulted in the 
best straight line representation of the majority of the data 
were included in the linear regression analysis. The 900°C 
and 1000®C isotherms, within the range of this investigation, 
do not exhibit areas of noticeable nonlinearity. 
A general agreement in slope among the isotherms for 
1100«C, 1200°C, 1300*C, and 1400*C is observed for Figure 11. 
%e data comprising the straight line portions of these iso­
therms may be described by a general equation of the form 
xaP"^/^ , (13) 
"2 
where n varies from approximately 4.22 to 4.67. If one 
assumes these average curves to represent the equilibrium 
behavior of barium ti tana te, the observed isothermal wei^t 
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change behavior for tençeratxares in the range of 1100 °C-
1400 may be described by a defect model involving both 
singly and doi^bly ionized ojçfgen vacancies. The nearly 
parallel nature of the hi^est four isotherms indicates a 
common mechanism active in the loss and gain of oxygen by 
nons toichiometrie barium titanate in response to a change in 
the ambient oxygen partial pressure. This behavior is con­
sistent with the isothermal pressure dependence of the electri­
cal conductivity of nonstoichiometrie barium titanate over 
a lower tençerature range (104) . 
The behavior of barium titanate at the 900®C and 1000"C 
temperature of this investigation differs markedly from the 
higher temperature responses. The weight changes included in 
the 900®C isotherm are so small as to be severely affected by 
included impurities. The 1000°C curve may represent the 
decreasing effect of impurities upon the typical behavior 
displayed for the last four isotherms. Long (104) observed 
that electrical conductivity measurements seemed to demon­
strate a departure from the representative mechanistic display 
at higher temperatures, while the lower tençerature data 
showed agreement with established defect models. This may 
be a result of the effect of tençjerature on the mobility of 
electrons and holes in nonstoichiometric barium titanate. 
One may safely point out, however, that for the thermogravi-
metric data of this analysis, there is some mechanistic change 
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at the tempe rat ure s below 1100®C which results in smaller 
values of d(x)/d(P^ ) and corresponding larger values of 
d(P^ )/d(l/T), thereby affecting the process enthalpy repre-
. ^2 
sented by the data. 
Figure 12 is a display of the enthalpy for the process 
of the removal or incorporation of oxygen in nonstoichiometric 
barium titanate based on the average isothermal pressure 
dependence of the defect concentrations exhibited by Figure 
11. The dashed line connecting points is the overall repre­
sentation of the enthalpy generated by an Arrhemius-type plot 
of the oxygen partial pressures for all temperatures at a 
variety of constant compositions. If only the four high 
temperature isotherms are used in the determination of this 
data, the solid line connecting circles is a representation 
of the enthalpy. Discontinuities in the dashed curve result 
when the influence of first the 900°C data and finally the 
1000"C data is lost. This effect may be illustrated by 
Figure 13 which is the type of plot utilized to generate the 
values of AËL plotted as Figure 12. Here the dashed line 
"2 
connects the data points including the 900°C and/or 1000®C 
data, while the solid line includes the parallel slopes of 
the isotherms of 1100®C and greater. The effect on the slope 
of the curve is dramatic. The constant values for the enthalpy 
of the temperature range 1100°C-1400°C is approximately 4.7 eV. 
The enthalpy data along with the 95% confidence levels based 
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barium titanate as a function of composition 
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on the average points of Figure 11 may be found tabulated 
in Appendix B. 
Clearly there is a difference in the process responsible 
for oxygen equilibration in nonstoichiometric barium titanate 
between the data of the lower two temperatures and that for 
the hi^er four temperatures. It may be speculated that, 
v^ile the same mechanisms for the generation of oxygen vacan­
cies of various ionization states may be active at all temper­
atures, impurity effects may noticeably alter the mechanistic 
response at lower temperatures. 
An enthalpy of ± 4.7eV for the process of the removal 
and incorporation of oxygen in nons toi chi omet ri c barium 
titanate is consistent with enthalpies attributed to a defect 
model incorporating a combination of singly and doubly ionized 
oxygen vacancies. Long (91), on the basis of electrical con­
ductivity measurements, calculates enthalpies of 4.3 eV and 
5.7 eV for the production of singly and doubly ionized oxygen 
vacancies, respectively. The enthalpy values will be positive 
for the removal of os^gen from the lattice (production of 
oxygen vacancies) and be negative for the incorporation of 
oxygen into the lattice (annihilation of oxygen vacancies). 
If these values were assumed to apply to the material utilized 
in this experiment, the defect model representing these data 
would involve a combination of singly and doubly ionized 
oxygen vacancies with a majority of the oxygen vacancies 
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singly ionized. 
The enthalpy for the formation of os^gen vacancies is 
different for different materials, so it is not a wise 
assumption that agreement will prevail among values for dif­
ferent barium titanates. nhe barium titanate in this investi­
gation was slightly barium-rich, while that used in Long's 
investigation was quite titanium-rich. Different levels of 
included impurities will also markedly affect low ten^rature 
results. Therefore, it may be somewhat fortuitous to expect 
close agreement between the two experiments, but it should be 
noted that the general behavior is similar. The representa­
tive enthalpy for the process of the removal and incorporation 
of oxygen in nonstoichiometric barium titanate as determined 
by thermogravimetric analysis is in general agreement with 
the values determined by electrical conductivity experiments. 
Anomalous behavior of nonstoichiometric BaTiOg.x 
During the course of the preliminary measurements, an 
inertia in the weight gains upon reoxidation was apparent. 
Although the weight increases upon oxidation would eventually 
catch up with the weight losses produced by reduction, the 
points of similar conditions of temperature and o:^gen partial 
pressure did not show the same quantities of cumulative 
weight change over the entire span of the curve. This effect 
was not noticeable for the 900®C and 1000*C tests, but it was 
in evidence at temperatures of 1100 "C and greater. T3ie most 
110 
severe manifestation of this behavior was an apparent weight 
gain vç)on oxidation greater than the weight loss promoted by 
reduction. Converting all weight changes to losses in order 
to facilitate plots of negative log x, the extreme hysteresis 
in weight change may be represented by Figure 14. 
The points on this curve are average values for the data 
points of runs two and three included in the 1400®C iso­
thermal determination of the pressure dependence of the defect 
concentration of nonstoichiometric barium titanate. Data of 
this type may cause one to speculate about mechanistic dif­
ferences between the processes of the evolution of os^gen 
upon reduction and the incorporation of oxygen upon oxidation 
for nonstoichiometrie barium titanate. An extremely important 
point is that this behavior would have never been observed if 
equilibrium had been assumed to prevail and thermogravimetric 
measurements had been done for only one leg of the curve. 
The excellent reproducibility between different experimental 
determinations of the same isothermal data in run one is 
misleading, as data for this run was taken only in the direc­
tion of reducing oxygen partial pressure. The persistence of 
me tas tabi lity may have been interpreted as an equilibrated 
condition. Therefore, if one is to attribute any signifi­
cance in terms of equilibrium chemical thermo<^namics 
to data involving the production of defect structures, he 
must make certain the conditions of true equilibrium are 
Ill 
-3.8 
1200 Oc 
• REDUCTION 
O OXIDATION 
-3.2 
CO 
p -3.0 
-2.8 
a 
-2.6 
-2. 
-2.2 
-2.0 
—8 —To —72 -14 —16 —18 -20 
log.. (atiTK)iphere$) 
Figure 14. Representative hysteresis observed for reduction-
oxidation thermogravimetric experiments 
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distinguishable by the experimental techniques being 
employed. 
Figure 14 shows different oxygen partial pressure 
dependencies for the evolution of oxygen under reducing con­
ditions and for the incorporation of oxygen during reoxida­
tion. Assuming that the experimental procedure is not somehow 
biasing the results to introduce the observed discrepancy, 
this behavior is puzzling. If the weight changes are due to 
the creation of ojq^gen vacancies under one set of conditions 
and the subsequent annihilation of those vacancies under 
opposing conditions, the same mechanism is operative but the 
direction of the reaction is different in each case. The 
different slopes observed in Figure 14 indicate different 
mechanisms of oxygen equilibration active for the two experi­
mental conditions of reduction and oxidation. 
This anomalous behavior had been observed to occur in 
electrical conductivity measurements (104), and the author 
speculated the cause to be a conversion of some of the cubic 
barium titanate to the hexagonal polymorphic form. Reduced 
and quenched samples subsequently examined by room temperature 
x-ray diffraction yielded no indication of the hexagonal 
crystal structure. It was surmised that reconversion may have 
taken place during quenching, and the negative results were 
deemed inconclusive. The hysteresis effect, however, remained 
tro\i>lesome to the point of limiting the maximum temperature 
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at which reproducible data could be determined to approxi­
mately 1200®C. 
Some earlier thermogravimetrie analysis of nonstoichio-
metric barium titanate (92) also observed anomalous high 
temperature weight losses, although hysteresis effects were 
not implied due to the taking of weight change data in one 
direction of changing oxygen partial pressure. High tempera­
ture x-ray diffractometry was performed under reducing con­
ditions at 1100°C. The lack of evidence of a hexagonal phase 
under these conditions led to the conclusion that a phase 
change was not responsible for the anomalous weight change 
behavior observed from 1000"0-1200°C under strongly reducing 
conditions. Actually, the results of x-ray analysis at 1100®C 
may be rather inconclusive relative to the question of a 
cubic-hexagonal phase trans formation, as this certainly would 
be on the low side of the region of transition. The occur­
rence of anomalous behavior in both the conductivity work and 
the thermogravimetric analysis previously cited may have been 
due to the titanium-rich barium titanate used in both experi­
ments. The possibility also exists that this material may 
exhibit a rapid reconversion to the cubic form upon cooling, 
thereby explaining the lack of hexagonal structure present 
during room temperature x-ray analysis of quenched samples. 
Since the observation of anomalous behavior in an analy­
sis of the temperature and oxygen partial pressure dependence 
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of the defect concentration in nonstoichiometric barium 
titanate had been reported prior to the instigation of this 
experiment, the appearance of weight change data which dif­
fered markedly from that predicted by theory was not entirely 
unexpected. However, since this was the first thermogravi-
metric analysis performed on a barium-rich barium titanate, 
it was not known if anomalous weight changes would occur 
within the scope of this investigation. Fortified with the 
observations of previous investigators, and confident in the 
ability of the thermobalance system to produce meeiningful 
measurements, the observed hysteresis for reduction-oxidation 
experiments was attributed to a real response of the barium 
titanate specimen to the changing environmental conditions 
inç>osed during the course of the experiment. 
Assuming the hysteresis in the data is representative of 
what is really occurring during the measurement procedure, 
there must be some mechanism operative at these experimental 
temperatures and o^^gen partial pressures other than the 
generation of a defect structure consisting of a predominance 
of singly and doubly ionized oxygen vacancies. The immediate 
reaction was to investigate the possibility of the appearance 
of a second phase, specifically that of hexagonal barium 
titanate. 
After the completion of run number two, a reduction-
oxidation experiment demonstrating hysteresis, the sample was 
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cooled slowly in air thereby allowing the sample to reoxidize. 
Hoom temperature x-ray diffraction analysis showed only the 
presence of the tetragonal crystal structure. Tîie experi-
nental specimen used for run number three, a reduction-
oxidation experiment also displaying data hysteresis, was 
exposed to the most severe reducing conditions encountered in 
the course of the experiment and subsequently cooled to room 
temperature under a reducing atmosphere. 
The physical appearance of the latter sairçle indicated 
extensive reduction had taken place. Pétrographie examination 
of the specimen surface showed platelets of hexagonal develop­
ment existing in a regular matrix. Room temperature x-ray 
diffraction confirmed the presence of the hexagonal crystal 
structure superimposed on the tetragonal x-ray diffraction 
display. All reflections were verified to make the identifica­
tion certain, as previous investigators had not verified the 
appearance of the hexagonal phase under similar conditions. 
Specifically, the conditions leading to the conversion of a 
significant quantity of the sample from cubic to hexagonal 
barium titanate were a temperature of 1400°C and an oxygen 
partial pressure of approximately 10~^^*^ atmospheres. 
Rase and Roy (3) report this transformation to occur in 
stoichiometric barium titanate at 1460®C in air. Glaister 
and Kay (13) report tetragonal structure in barium titanate 
after firing in pure hydrogen below 1330°C and hexagonal 
116 
structure in samples fired in the same atmosphere above 
1330 °C. Arend and Kihlborg (105) report conversion at 
1325°C in hydrogen while similar reduction at 1275°C produces 
no hexagonal phase. If the hysteresis in the weight change 
data is interpreted to be due to the appearance of the hexa­
gonal phase, this investigation indicates some degree of 
conversion occurring at temperatures as low as 1100 "C and 
oxygen partial pressures of approximately 10~^^ atmosphere. 
Both runs two and three indicate hysteresis occurring in the 
data of the 1100®C isotherm as well as all isotherms higher 
in temperature. The hysteresis, and presumably the hexagonal 
p h a s e ,  p e r s i s t  m e t a s t a b l y  t o  a p p r o x i m a t e l y  1 0 a t m o s p h e r e  
oxygen partial pressure at 1100 °C. Conservative ranges of 
the observable hysteresis in the isothermal data for runs two 
and three are tabulated in Table 4. 
Table 4. Range of hysteresis (metastability) for data runs 
2 and 3 
Temperature Oxygen partial pressure range (Atm.) 
(®C) Run. 2. . Run 3 
1100 10"11'5 - 10"^^ 1Q"12'5 _ 
1200 10"^*^ - lO"^^*^ 10~^° - 10"17 
1300 10"9'5 _ lO'll - 10"15.5 
1.400 1.0^ - 10"^^*^ 10"^ . - 10"14.5 
117 
The onset of this hysteresis was noticeable during the 
reduction portion of the experiment as an unusually large 
weight loss for a particular Oi^gen partial pressure change 
occurring in the midst of seemingly quite predictable data. 
Upon reoxidation there was a suppression of the weight gains 
for changes in oxygen partial pressure until suddenly, an 
anomalously large weight gain would occur, thereby adjusting 
the cumulative values such that closer agreement between 
reduction and oxidation data followed. The activation of a 
second weight change mechanism was suspected, as this strange 
behavior sometimes manifested itself as a sudden weight loss 
for a particular oxygen partial pressure measurement that 
was asymptotically approaching some constant weight value. 
"Oie new weight loss curve would be of quite different slope 
and come to a new value of weight somewhat displaced from the 
value originally being approached by the system. This 
behavior was also evident on the oxidation leg of the isotherm. 
The above behavior led the author to the belief that the 
hysteresis certainly may be due to some mechanism whose 
activity is sensitive to the defect concentration. The 
hysteresis was triggered by slightly different conditions of 
temperature and oxygen partial pressure on either side of the 
conditions causing the initial displacement. However, the 
change in slope of the weight loss was observed to occur at 
the same relative cumulative weight losses, additionally 
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strengthening the growing conviction that the level of 
defectiveness and not the absolute conditions of temperature 
and oxygen partial pressure may be responsible for the acti­
vation of the additional mechanism of weight change. 
The speculative argument that the observed hysteresis in 
the thermogravimetric data is due to the appearance of the 
hexagonal phase at elevated temperatures is supported by the 
hypothesis of an oxygen vacancy-sensitive free energy for the 
hexagonal polymorph of barium titanate (13) . If the free 
energy of the hexagonal phase is reduced by the presence of 
oxygen vacancies, the point of intersection (conversion point) 
between the two free energy curves will be shifted to corre­
spondingly lower temperatures. Once the conversion from the 
cubic to the hexagonal structure is initiated, the hexagonal 
polymorph will persist met as tab ly to temperatures as low as 
1000°C. If the presence of the hexagonal phase affects the 
equilibration of the barium titanate sample with the ambient 
atmosphere, this phase change should be detectable thermo-
gravimetrically. 
The hysteresis in the weight change data as well as the 
difference in operative mechanisms for the oxidation of 
barium titanate as contrasted to the reduction process may 
then be explained on the basis of the oxygen vacancy-sensitive 
conversion of some portion of the specimen to the hexagonal 
crystalline form and the subsequent metastable persistence 
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of that form to lower oxygen vacancy concentrations. The 
author feels that the key may lie in the propensity of the 
hexagonal phase to become more defective than would be the 
cubic phase under like conditions. Hydrogen reduction data 
(105) supports this thesis as a 50®C increase in temperature 
from 1275®C to 1325°C resulted in a change in x in BaTi02_^ 
from 0.0036 in the cubic phase to 0.0073 in the hexagonal 
phase. 
As barium tit ana te is reduced, oxygen vacancies form. 
The presence of these vacancies is thought to lower the free 
energy of the hexagonal polymorph and bring about a subse­
quent lowering of the cubic-hexagonal conversion temperature. 
Once conversion begins, weight losses may reflect the creation 
of oxygen vacancies in a two-phase sample of cubic and hexa­
gonal barium titanate. The steeper postulated free energy 
curve for hexagonal barium titanate may result in an increased 
production of o^gen vacancies in that polymorph relative to 
the cubic phase, as the resulting decrease in free energy 
accompanying the production of oxygen vacsincies is greater due 
to the increased entropy contribution of the defect state in 
the hexagonal phase. As reoxidation takes place, the annihi­
lation of oxygen vacancies may be retarded as the hexagonal 
phase has a greater propensity to remain defective than does 
the coexisting cubic phase. The hexagonal phase may persist 
metastably to a lower total oxygen vacancy concentration than 
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that at which conversion was initiated. When reconversion 
does finally occur, the anomalously large weight gain may 
result from the lower concentration of oxygen vacancies able 
to equilibrate in the cubic phase. The reduction and the 
oxidation processes are then possibly governed by two dif­
ferent mechanisms due to the superposition of a conversion 
to, a metastable persistence of, and a reconversion of the 
hexagonal polymorphic phase of barium titanate with the pre­
dictable equilibrium behavior of the cubic crystalline phase. 
Conversion of a nonequilibrium amount of hexagonal phase may 
even result in apparent cumulative weight gains greater than 
the amount lost on reduction under corresponding conditions. 
Another anomalous behavior observed during the course of 
this experiment was the appearance of a positive drift weight 
at oxygen partial pressures below approximately 10"^^ atmos­
pheres at 1400®C. These were the only conditions during which 
drift occurred, and the confidence of the 1400®C isotherms 
for the various graphical displays must be considered to be 
affected by this drift. Under reducing conditions it was 
rather easy to see the influence of drift, as the weight 
change and drift rate were in the opposite directions. There­
fore, the weight loss would be mitigated until a change in 
slope occurred and the drift was evidenced as an apparent 
weight gain. The drift rates at various oxygen partial 
pressures were then estimated, and the corrections were 
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applied to the data. It was virtually iitçossible to apply 
this technique to the oxidation data, as the real weight 
change and the apparent weight change were additive, and they 
did not appear to be approaching an equilibrium. 
Since the drift was not observed during the blank runs, 
one may conclude that it is a result of some stimulus acting 
upon the barium titanate sample. The metastable appearance 
of the hexagonal phase may be a factor in the onset of drift. 
The positive weight changes, however, have not been explained. 
One may postulate various possibilities for a weight gain of 
this type, but there is no investigative evidence to support 
any theory. The purpose of this short discussion is to note 
that attempts were made to correct for this spurious behavior, 
although there is no experimental evidence to suggest that 
such a correction is valid. The 1400°C isotherms should then 
be viewed with correspondingly less confidence. 
Reduction behavior of nonstoichiometric BaTiOg.x 
Figure 15 is a representation of the average isothermal 
oxygen pressure dependence of the defect concentration in 
nonstoichiometric barium titanate under reducing conditions. 
Again the error bars represent the standard error of estimate 
associated with the linear regression analysis including 
points lying within those straight-line portions of each 
isotherm delineated by the error bars. Each data point 
represents the average of the corresponding data points of 
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Figure 15. Isothermal oxygen pressure dependence of the 
defect concentration in barium titanate during 
reduction 
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the reduction portions of experimental runs one, two, and 
three. Table 5 contains the parameters associated with the 
linear regression analysis applied to the data points of 
Figure 15. Again, one may observe that the behavior of the 
data at the temperatures of 900®C and 1000°C differs markedly 
from the remainder of the isotherms. This effect may be due 
to the decreasing importance of impurity effects with increas­
ing temperatures. In the region of high defect concentrations 
the deviation of the isotherms may result from the onset of 
and subsequent increase in defect interaction. 
Table 5. Parameters for linear regression lines: y = A(0) + 
A(l)x for Figure 15 
Temperature V, 
°C A(0) A(l) r* S(x.y) 
900 -5.5401 -0.1119 -0.9884 0.0243 
1000 -5.6216 -0.1421 -0.9966 0.0201 
1100 -5.7332 -0.1895 -0.9941 0.0533 
1200 -5.1525 -0.1853 -0.9945 0.0391 
1300 -4.8562 -0.2003 -0.9962 0.0351 
1400 -4.4572 -0.1901 -0.9909 0.5168 
^Correlation coefficient. 
^Standard error of estimate. 
Upon inspection of Figure 15 and Table 5, one may observe 
a general agreement in slope for the isotherms from 1100®C -
1400°C. The data comprising the straight line portions of 
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/these isotherms may be represented by an equation of the 
general form 
, (13) 
^2 
where n varies from 5.0 to nearly 5.3. If the average curves 
of Figure 15 are assumed to represent the behavior of barium 
titanate under reducing conditions, the isothermal weight 
change over the temperature range 1100°C - 1400°C may be 
described by a defect model comprised of nearly equal con­
centrations of singly and doubly ionized oxygen vacancies. 
The fact that the slopes of the highest four isotherms are 
nearly parallel indicates that most probably the same mecha­
nism is operative in the formation of the defect structure 
of barium titanate reducing conditions. 
Figure 16 is a plot of the enthalpy for the removal of 
oxygen from nonstoichiometric barium titanate as a function of 
composition. The dashed line represents data from all six 
isotherms, while the solid line is generated using only the 
data comprising the highest four isotherms. The disconti­
nuities in the dashed curve result when the influence of the 
lower two isotherms vanish. Ihe representative enthalpy for 
the reduction process is seen to increase slightly from a 
value of approximately 5.12 eV to 5.22 eV as the defect con­
centration increases. The enthalpy values and the 95% con­
fidence levels are tabulated in Appendix B. 
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Figure 16. Average enthalpy for the removal of oxygen from barium titanate as a 
function of composition 
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The values of enthalpy determined for the average 
reduction behavior represented by the curves of Figure 15 
should lie near the average of the enthalpies for the forma­
tion of singly and doubly ionized oxygen vacancies in barium 
titanate. This is predicted by the -1/5 slopes in Figure 15 
which imply a defect model involving nearly equal concentra­
tions of singly and doubly ionized oxygen vacancies. The 
enthalpy of the process of defect generation will then be the 
weighed average of the respective defect enthalpies. The 
enthalpy value of 5.12 eV from Figure 16 is nearly the average 
between the values of 4.3 eV and 5.7 eV attributed to the 
formation enthalpies of singly and doubly ionized vacancies 
(91). The slight increase in the enthalpy for the reduction 
process in barium titanate may possibly be attributed to a 
sli^t increase in the ratio of doubly to singly ionized 
oxygen vacancies as the material becomes more defective. 
The general agreement between the enthalpies determined 
in this experiment and those determined in other investiga­
tions may be fortuitous, as the formation of oxygen vacancies 
in the two-phase region may encompass a different mechanism 
with a different enthalpy of defect formation. However, the 
defect models for the removal and incorporation of oxygen 
remain the seime for the various polymorphic forms of barium 
titanate, so a predicted defect model of singly and doubly 
ionized oxygen vacancies of nearly equal concentrations is 
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advanced to explain the isothermal behavior of nonstoichio-
metric barium titanate under reducing conditions. 
Oxidation behavior of nonstoichioroetric BaTiOg.^ 
Figure 17 is the average isothermal oxygen pressure 
dependence of the defect concentration in nonstoichiometrie 
barium titanate during oxidation. The general features of 
this curve are the same as those discussed for the correspond­
ing displays of Figures 11 and 15. Each data point for 
Figure 17 however, is the average of the points determined for 
the two oxidation experiments of runs two and three. Table 6 
includes the parameters generated by the linear regression 
analysis applied to the best straight line fit of the average 
data included in Figure 17. 
Table 6. Parameters for the linear regression lines: y = 
A(0) + ACDx for Figure 17 
Temperature 
*C A(0) A CD r* 
gb 
(X'Y) 
900 -5.4350 -0.1102 -0.9614 0.0589 
1000 -5.5943 -0.1434 -0.9918 0.0370 
1100 -6.9108 -0.2967 -0.9912 0.0559 
1200 -6.3346 -0.2933 -0.9923 0.0519 
1300 -5.6452 -0.2741 -0.9978 0.0315 
1400 -5 .0458, -0.2510 -0.9985 0.0397 
^Correlation coefficient. 
^Standard error of estimate. 
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As has been, previously observed, the data at the lower 
two temperatures seems to be affected by the presence of 
impurities. The regions of high defect concentration likewise 
show a marked departure from the predicted linear relation­
ship between defect concentration and oxygen partial pressure. 
This effect may be due to defect interaction, although the 
difference between the magnitudes of the departure from 
linearity observable between the reduction and oxidation dis­
plays of Figures 15 and 17 lead to the speculation that per­
haps at least part of the nonlinear behavior may be due to 
the influence of the hexagonal polymorphic phase at higher 
defect concentrations. 
The parallel slopes for the isotherms from 1100°C -
1400®C in Figure 17 show fairly good agreement indicating 
that the same defect mechanism may be operative at all four 
temperatures. The data of Table 5 indicate that this behavior 
may be represented by a general equation of the form 
xoP"^/^ , (13) 
^2 
where n varies from nearly 3.4 to approximately 4. If the 
average curves of Figure 17 are assumed to represent the 
behavior of nonstoichiometric barium titanate under oxidizing 
conditions, the isothermal wei^t change behavior over the 
temperature range 1100®C - 1400°C may be described by a defect 
model comprised of varying concentrations of unionized and 
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singly ionized oxygen vacancies. 
Figure 18 is a display of the enthalpy for the incorpora­
tion of oxygen into nonstoichiometric barium titanate as a 
function of composition. OSie dashed and solid lines retain 
the same significance as was described for Figures 12 and 16. 
The enthalpy for the process of reduction of nonstoichiometric 
barium titanate is seen to continually decrease from a value 
of -4.2 eV to -3.63 eV as the defect concentration increases. 
The enthalpy values and the 95% confidence levels are tabu­
lated in Appendix C. 
The decrease in enthalpy observed in Figure 18 may be 
due to an increase in the ratio of unionized to singly ionized 
oxygen vacancies as the defect concentration increases. This 
type of model may explain the enthalpy changes, but the 
existence of unionized oxygen vacancies seems to be a rather 
unlikely defect at hi^ tençeratures and low oxygen partial 
pressures. It should be noted that the effect of the 
metastable persistence of the hexagonal phase and the subse­
quent conversion to the cubic structure during reoxidation 
may tend to skew the data badly. The propensity of the hexa­
gonal polymorph to become more defective than does the cubic 
structure under like conditions of temperature and os^gen 
partial pressure may result in weight changes upon conversion 
so anomalous as to not be describable by limiting defect 
models. Exactly the converse situation occurs during reduc-
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tion, therefore the mechanisms being observed include varying 
volume ratios of cubic and hexagonal barium titanate as well 
as the equilibration with the vapor phase of both polymorphic 
forms. 
The results of this investigation, while far from exhaus­
tive in any one of the many areas touched upon, have indicated 
that the reduction behavior and the oxidation behavior of non-
stoichiometric barium titanate over the experimental range 
encountered in this investigation may not be represented by a 
single mechanism for the generation of the defect structure, 
as the appearance of a second phase contributes mechanistical­
ly to the weight change process. Further, the contention is 
made that, due to the interference of the hexagonal phase, 
neither the data taken under conditions of decreasing oxygen 
pressure nor the reoxidation determinations represent measure­
ments made under conditions of true equilibrium. While ap­
parent weight stability was achieved for each set of con­
ditions, the data points represent metastable conditions of 
equilibrium. Therefore, the original contention that the 
equilibrium representation of the isothermal pressure de­
pendence of the defect structure of nonstoichiometric barium 
titanate lies somewhere between the nonequilibrium cases for 
reduction and oxidation in the presence of a second phase is 
felt to be valid. 
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CONCLUSIONS 
A reaction occurs between barium titanate and sapphire 
which is observable under reducing conditions at tempera­
tures as low as 1300°C. Microprobe examination suggests 
that this reaction results in the penetration of the 
barium titanate into the sapphire, while no appreciable 
penetration of alumina into the barium titanate specimen 
was observed. 
The average representation of the isothermal oxygen 
partial pressure dependence of the defect concentration 
in nonstoichiometric barium titanate exhibits linear 
regions which are nearly parallel for the temperature 
range 1100®C-1400®C and defect concentration range log x 
= -3.7 to -2.3 in BaTi02_^. The slopes in this region 
suggest a possible defect model which may be described in 
terms of singly and doubly ionized oxygen vacancies with 
a majority of the vacancies singly ionized. 
The linear isotherms for 900®C and 1000°C had lower slopes 
than the parallel behavior observed at higher temperatures. 
This may be due to the existence of unique mechanisms 
for the production of defects at those temperatures or 
this effect may result from the influence of impurities 
on the predominant defect mechanism. Deviation from 
linear behavior of the isotherm in regions of higher 
defect concentrations may be due to the onset of defect 
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interaction. 
The representative enthalpy for the average process of 
the removal and incorporation of oxygen by nonstoichio-
metric barium titanate was determined to be approxi­
mately ± 4.7 eV. This value is consistent with the 
postulated model utilizing previously reported values 
for the enthalpy of formation of singly and doubly 
ionized oxygen vacancies. 
A difference in the experimental response between the 
reduction and oxidation determinations of the isothermal 
oxygen pressure dependence of the defect concentration 
in nonstoichiometric barium titanate is evidenced as 
a hysteresis in the isothermal weight change as a function 
of oxygen partial pressure. This hysteresis is believed 
to be due to the appearance, under the conditions of 
this experiment, of the hexagonal polymorphic form of 
barium titanate and the metas table persistence of it as 
a second phase. 
Experimental specimens reduced at 1400®C and an oaygen 
partial pressure of 10~^^*®^ and cooled under reducing 
conditions exhibit a significant amount of hexagonal 
phase. Experimental specimens reduced at 1400®C and 
P  =  1 0 a n d  c o o l e d  u n d e r  o x i d i z i n g  c o n d i t i o n s  
°2 
exhibit only the tetragonal crystalline structure. 
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Highly reduced specimens exhibit large grains of imperfect 
hexagonal development in a regular fine grained matrix. 
Specimens having been exposed to the experimental con­
ditions of varying temperature and cyclical 03^gen 
partial pressure exhibit very large grain structure 
relative to that present in the specimens prior to test­
ing. It is postulated that the appearance of the hexa­
gonal phase results in preferential growth of hexagonal 
crystals relative to the cubic matrix. Upon reconversion, 
nucleation and growth may produce a fine, cubic crystal­
lite size. During the course of an experiment, the 
microscopic structure of an experimental specimen changed 
from a fine, regular matrix to one of large and varying 
grain size. 
The lowering in temperature of the cubic to hexagonal 
phase transition is attributed to an oxygen vacancy-
sensitive mechanism, previously postulated by others, 
which lowers the free energy of the hexagonal phase. 
Once present, the hexagonal phase tends to become more 
defective than does the coexisting cubic phase, therefore 
anomalous wei^t losses prevail in this region of reducing 
oxygen partial pressure. Upon reoxidation, weight gains 
are suppressed due to the propensity of the hexagonal 
phase to remain more defective relative to the cubic 
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phase. As the hexagonal phase can persist me tas tab ly 
to lower defect concentrations than that at which initial 
conversion began, anomalously high weight gains appear 
at the lower defect concentrations after the reconversion 
process initiates. Therefore, it is hypothesized that 
the superposition of this mechanism of phase change onto 
the mechanism for the equilibration of nonstoichiometric 
barium titanate with the vapor phase creates conditions 
of metastable equilibrium during the individual reduction 
and oxidation determinations of the isothermal oxygen 
pressure dependence of the defect concentration. 
9. The average isothermal oj^gen pressure dependence of the 
defect concentration during reduction yields a representa­
tive enthalpy for the process of the removal of oxygen 
from a two phase, nonstoichiometric barium titanate of 
approximately 5.1 eV. 
10. The average isothermal oxygen pressure dependence of the 
defect concentration during oxidation yields a representa­
tive enthalpy for the process of the incorporation of 
oxygen into a two-phase, nonstoichiometric barium titanate 
of from approximately -4.2 eV to nearly -3.6 eV, the 
value decreasing with an increase in defect concentration. 
11. The appearance and the metastable persistence of the 
hexagonal phase results in an additional mechanism 
involving a changing volume ratio of hexagonal to 
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cubic barium titanate. While this additional mechanism 
may invalidate the conditions constituting true equil­
ibrium for the individual reduction and oxidation 
determinations of the isothermal os^gen pressure 
dependence of the defect conditions, the best representa­
tion of the equilibrium reaction is believed to lie 
between the reduction and oxidation extremes. 
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Table Al. Thermogravimetric data, run 1, sample weight = 
0.73970 g, reduction data only 
P(C02)/P(C0) (atmospheres) (yg) iBaiiU2_^; 
900°C * pure 0- -1 Reference Point 
. 10-1 
-2 -3 -4.228 
-2 
* 10 -3 — — 
* 10"^ -4 — -
10^ -10.15 +1 -
lO^'S 
-11.15 +1 -
102.0 
-12.15 +1 -
lO^'S 
-13.15 +1 . -
10^-° 
-14.15 -2 -4.404 
IQO.S 
-15.15 -3 -4.228 
10° 
-16.15 -5 -4.006 
10-0-5 
-17.15 —6 -3.927 
lo-i'O 
-18.15 -9 -3.751 
10-1'S 
-19.15 -12 -3.626 
* pure 0_ -1 — — 
* 10-1 
-2 +2 — 
* 10-2 
-3 — _ 
* 10-3 
-4 - -
10 3 
-8.10 - -
lO^'S 
-9.10 -1 -4.705 
lo2.0 
-10.10 -4 -4.103 
lO^'S 
-11.10 -4 -4.103 
lO^'O 
-12.10 —6 -3.927 
10°'5 
-13.10 -10 -3.705 
10° 
-14.10 -14 -3.559 
10-0-5 
-15.10 -17 -3.475 
10-1-0 
-16.10 -22 -3.363 
10-1-5 
-17.10 -32 -3.200 
10-2.0 
-18.10 -43 -3.072 
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Table Al (Continued) 
*P(02)/P(Ar) 
or 
PfCOgi/PfCO) 
^^10 ^ 02 AW 
(atmospheres) (yg) 
LogioX 
(BaTi03_^) 
1000®C -A 
lOOCC - B 
1100 °C 
10 
10 
10 
10 ' 
10 
10 
10 
10 
1.5 
1.0 
0.5 
-0.5 
-1.0 
-1.5 
-2 .0  
* pure 0, 
,-l 
* 10 
* 10 
* 10 
10" 
-2 
-3 
10 
10 
10 
10 
10 
10^ 
10 
10 
10 
2.5 
2 . 0  
1.5 
1.0 
0.5 
-0.5 
-1.0 
-1.5 
. -2 .0 10 
* Pure 0, 
* 10 
* 10 
* 10 
-1 
-2 
-3 
10-
10 2.5 
-11.10 
-12.10 
-13.10 
-14.10 
-15.10 
-16.10 
-17.10 
-18.10 
-1 
-2 
-3 
-4 
-8.10 
-9.10 
-10.10 
-11.10 
-12.10 
-13.10 
-14.10 
-15.10 
-16.10 
-17.10 
-18.10 
-1 
-2  
-3 
-4 
-6.37 
-7.37 
-4 
-6 
-10 
-14 
-17 
-22 
-32 
-43 
+1 
+5 
+2 
-2  
-4 
-4 
-4 
-8  
-11 
-15 
-21 
-29 
-40 
+2 
+2 
+2 
+2 
-1 
-4 
-4.103 
-3.927 
-3.705 
-3.559 
-3.475 
-3.363 
-3.200 
-3.072 
-4.404 
-4.103 
-4.103 
-4.103 
-3.802 
-3.664 
-3.529 
-3.383 
-3.243 
-3.103 
•4.705 
-4.103 
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Table Al (Continued) 
*P(02)/P(Ar) 
or 
P(C02)/P(C0) 
:T70 
^°^10 ^ ^2 AW 
(atmospheres) (yg) 
Log^oX 
(BaTi03_^) 
1100°C 
1200"C 
10 
10 
10 
10 
10^ 
10 
10 
10 
10 
10 
1.5 
1.0 
0.5 
-0.5 
-1.0 
-1.5 
-2 .0  
-2.5 
* pure 0_ 
. 10-1 
* 10 
* 10 
-2 
-3 
10 
10 
10 
10 
10 
10 
10* 
10 
10 
10 
10 
10 
10 
2.5 
2 .0  
1.5 
1.0 
0.5 
-0.5 
-1.0 
-1.5 
- 2 . 0  
_o c 
-3.0 
-8.37 
-9.37 
-10.37 
-11.37 
-12.37 
-13.37 
-14.37 
-15.37 
-16.37 
-17.37 
-1 
-2  
-3 
-4 
-4.95 
-5.95 
-6.95 
-7.95 
-8.95 
-9.95 
-10.95 
-11.95 
-12.95 
-13.95 
-14.95 
-15.95 
-16.95 
-4 
-11 
-13 
-17 
-27 
-31 
-42 
-82 
-124 
-150 
+2 
-2 
—6 
-8 
-9 
-15 
-18 
-23 
-32 
-46 
-56 
-103 
-153 
-188 
-233 
-262 
-4.103 
-3.664 
-3.591 
-3.475 
-3.274 
-3.214 
-3.082 
-2.792 
-2.612 
-2.529 
-4.404 
-3.927 
-3.802 
-3.751 
-3.529 
-3.450 
-3.344 
-3.200 
-3.043 
-2.957 
-2.693 
-2.521 
-2.431 
-2.338 
-2.287 
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Table Al (Continued) 
* P(02)/P(Ar) 
or 
PfCOgl/PCCO) 
^°9lO ^02 
(atmospheres ) 
AW 
(pg) 
Log^gX 
(BaTi03_^) 
1300°C 
1400®C - A 
* pure 0_ 
* IQ-l 
* 10 
-1 
-2 
-3 
-3 
-14 
-4.228 
-3.559 
10 3 
-3.65 -14 -3.559 
lO^'S 
-4.65 -13 -3.591 
H
 
O
 
1 
N
 
1 
O
 
-5.65 -19 -3.427 
10^*^ -6.65 -24 -3.325 
lO^'O 
-7.65 -35 -3.161 
100.5 
-8.65 -45 -3.052 
10° 
10-0.5 
10-1'° 
lO-l'S 
10-2.0 
10-2-5 
10-3'° 
-9.65 
-10.65 
-11.65 
-12.65 
-13.65 
-14.65 
-15.65 
—68 
-86 
-159 
-204 
-253 
-317 
-355 
-2.873 
2.771 
-2.504 
-2.396 
-2.302 
-2.204 
-2.155 
* pure 
* 10-1 
-1 
-2 
+12 
+6 
— 
10 3 
-2.65 -7 -3.565 
lO^'S 
-3.65 -4 -4.103 
102.° 
-4.65 -14 -3.559 
loi'S 
-5.65 -18 -3.450 
ioi'° 
-6.65 -37 -3.137 m
 
0
 
< 
0
 
H
 
-7.65 -50 -3.006 
10° 
-8.65 -83 -2.786 
10"° 
10-1'° 
-9.65 
-10.65 
-110 
-149 
-2.664 
-2.532 
IQ-l'S 
10-2.0 
-11.65 
-12.65 
-206 
-264 
-2.392 
-2.284 
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Table Al (Continued) 
* PiOgl/PfAr) 
or ^9l0 ^02 AW 
LogioX 
PCCOgi/PCCO) (atmospheres) (yg) (BaTi03_^) 
10-2.5 
-13.65 -333 -2.183 
H
 
O
 1 CJ
 
o
 
-14.65 -523 -1.987 
1400®C - B * Pure 0, 
. 10-1 
-1 
-2 
+ 2 
- 4 -4.103 
10^ -2.65 -16 -3.501 
lO^'S 
-3.65 -15 -3.529 
102.0 
-4.65 -22 -3.363 
lO^'S 
-5.65 -26 -3.290 
H
 
o
 
• 
H
 
1 
a
 
-6.65 -45 -3.052 
loO'S 
-7.65 -59 -2.935 
10° 
-8.65 -94 -2.732 
H
 
O
 1 o
 
en
 
-9.65 -120 -2.626 
lO'l'O 
-10.65 -166 -2.485 
10-1-5 
-11.65 -216 -2.371 
10-2-0 
-12.65 -273 -2.269 
10-2-® 
. . . -13 . 65 -341 . -2.173 
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Table A2. Thermogravimetric data run 2, sample weight = 
0.73472 g.,, reduction and oxidation data 
Logio* Logio* 
^10 ^0, IW („g) (BaTiOj.^) 
(atmos- (re- (re- (oxi- Oxi-
pheres) duction) . duction) . dation) dation) 
900°C 
1000»C 
1100°C 
-1 Reference Point Reference Point 
-4 — — -10 -3.702 
-10.15 +2 - -5 -4.003 
-11.15 -1 -4.702 -5 -4.003 
-12.15 -1 -4.702 —6 -3.324 
-13.15 -3 -4.225 -7 -3.857 
-14.15 -7 -3.857 -7 -3.857 
-15.15 -11 -3.661 -9 -3.748 
-16.15 -15 -3.526 -13 -3.589 
-17.15 -16 -3.498 -14 -3.556 
-18.15 -18 -3.447 -17 -3.472 
-19.15 -22 -3.360 -21 -3.380 
-1 -1 -4.702 +5 
-4 +2 — +5 — 
-8.1 +5 — -1 -4.702 
-9.1 +4 - -1 -4.702 
-10.1 +4 — -3 -4.225 
-11.1 +1 — -4 -4.100 
-12.1 -2 -4.401 —6 -3.924 
-13.1 -7 -3.857 -8 -3.799 
-14.1 -14 -3.556 -14 -3.556 
-15.1 -17 -3.472 -19 -3.424 
-16.1 —26 -3.287 -26 -3.287 
-17.1 -34 -3.171 —36 -3.146 
-18.1 -45 -3.049 -45 -3.049 
-1 -1 -4.702 -2 -4.401 
-6.37 +5 — -6 -3.924 
-7.37 + 3 — -7 -3.857 
-8.37 -4 -4.100 -7 -3.857 
-9.37 —6 -3.924 -7 -3.857 
-10.37 -12 -3.623 -10 -3.702 
-11.37 -15 -3.526 -14 -3.556 
-12.37 -26 -3.287 -41 -3.090 
-13.37 -32 -3.197 —60 -2.924 
-14.37 -49 -3.012 -84 -2.778 
-15.37 -106 -2.677 -110 -2.661 
-16.37 -131 -2.585 -182 -2.582 
-17.37 -163 -2.490 -159 -2.501 
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Table A2 (Continued) 
Log^QX LogioX 
^02 
(BaTiOy,^) AW(yg) (BaTiOg.^) 
(atmos­ AW(yg) (oxi­ (oxi-
pheres) (reduction) . (reduction). dation) dcition) 
1200®C -1 -2 -4.401 +2 — 
-4 -3 -4.225 - -
-4.95 - - -2 -4.401 
-5.95 -2 -4.401 -3 -4.225 
-6.95 -4 -4.100 —6 -3.924 
-7.95 -10 -3.702 -8 -3.799 
-8.95 -18 -3.447 -14 -3.556 
-9.95 -24 -3.322 -21 -3.380 
-10.95 -35 -3.158 -35 -3.158 
-11.95 -46 -3.040 -63 -2.903 
-12.95 -88 -2.758 -115 -2.642 
-13.95 -142 -2.550 -151 -2.523 
-14.95 -182 -2.442 -188 -2.428 
-15.95 -236 -2.330 -253 -2.299 
-16.95 -257 -2.293 -275 -2.263 
1300®C -1 -6 -3.924 — — 
-3.65 -3 -4.225 +3 — 
-4.65 -4 -4.100 +3 — 
-5.65 -11 -3.661 -2 -4.401 
-6.65 -13 -3.588 —6 -3.924 
-7.65 -24 -3.322 -11 -3.661 
-8.65 -36 -3.146 -29 -3.240 
-9.65 -59 -2.932 -51 -2.995 
-10.65 -81 -2.794 -99 -2.707 
-11.65 -163 -2.490 -153 -2.518 
-12.65 -215 -2.370 -207 -2.386 
-13.65 -267 -2.276 -269 -2.273 
-14.65 -348 -2.161 -370 -2.134 
-15.65 -394 -2.107 -420 -2.079 
1400°C -2.65 -7 -3.857 — — 
-3.65 -3 -4.225 -1 -4.702 
-4.65 -12 -3.623 -7 -3.857 
-5.65 -37 -3.134 -11 -3.661 
-6.65 -54 -2.970 -23 -3.341 
-7.65 -71 -2.851 -34 -3.171 
-8.65 -102 -2.694 -77 -2.816 
-9.65 -131 -2.585 -116 -2.638 
-10.65 -177 -2.454 -261 -2.286 
-11.65 -248 -2.308 -409 -2.091 
-12.65 -311 -2.210 -523 -1.984 
-13.65 -401 -2.099 -700 -1.857 
-14.65 -617 -1.912 -760 -1.822 
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Table A3. Oîiermogravimetric data, run 3, sample weight = 
0.73386 g, reduction, and oxidation data 
Logio Pq LogigX ^^10* 
^ duction) duction) dation) dation) 
900 °C 
1000®C 
1100*C 
1200°C 
-11.15 - — - — 
-12.15 — — -4 -4.100 
-13.15 -2 -4.401 -4 -4.100 
-14.15 -4 -4.100 -4 -4.100 
-15.15 -9 -3.748 -9 -3.748 
-16.15 -14 -3.556 -13 -3.588 
-17.15 -20 -3.401 -14 -3.556 
-18.15 -24 -3.322 -17 -3.472 
-19.15 -28 -3.155 -21 -3.380 
-9.1 — — — — 
-10.1 -1 -4.702 -3 -4.225 
-11.1 -2 -4.401 -3 -4.225 
-12.1 -4 -4.099 -7 -3.857 
-13.1 -8 -3.799 -10 -3.711 
-14.1 -15 -3.526 -17 -3.472 
-15.1 -19 -3.423 -22 -3.359 
-16.1 -28 -3.255 -28 -3.255 
-17.1 -36 -3.146 -37 -3.134 
-18.1 -47 -3.030 —46 -3.039 
-7.37 — — — — 
-8.37 -1 -4.702 - — 
-9.37 -3 -4.225 -3 -4.225 
-10.37 -5 -4.003 —6 -3.924 
-11.37 -7 -3.857 -11 -3.661 
-12.37 -15 -3.526 -23 -3.340 
-13.37 -22 -3.360 -79 -2.804 
-14.37 -33 -3.183 -119 -2.626 
-15.37 -88 -2.757 -148 -2.532 
-16.37 -166 -2.482 -171 -2.469 
-17.37 -191 -2.421 -195 -2.412 
-6.95 — — — _ 
-7.95 -8 -3.799 -1 -4.702 
-8.95 -10 -3.702 -5 -4.003 
-9.95 -19 -3.423 -24 -3.322 
-10.95 -35 -3.158 -53 -2.978 
-11.95 -47 -3.030 -79 -2.804 
-12.95 -68 -2.869 -166 -2.482 
-13.95 -184 -2.437 -209 -2.382 
-14.95 -219 -2.362 -244 -2.315 
-15.95 -269 -2.272 -292 -2.237 
-16.95 -296 -2.231 -315 -2.204 
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Table A3 (Continued) 
(atmos-
^eres) 
AW(Ug) 
(re­
duction) . 
Logio* 
(BaTiOg,^) 
(re­
duction). . 
Aw(yg) 
(oxi-
. dation). 
LogioX 
BaTiO. ) 
(oxi^'* 
dation) 
1300 ®C -4.65 — — 
-5.65 -4 -4.099 -3 -4.225 
-6.65 -11 -3.661 -9 -3.748 
-7.65 -20 -3.401 —16 -3.498 
-8.65 -32 -3.197 -32 -3.197 
-9.65 -53 -2.978 -57 -3.946 
-10.65 -77 -2.815 -80 -2.799 
-11.65 -193 -2.416 -197 -2.407 
-12.65 -243 -2.316 -256 -2.294 
-13.65 -297 -2.229 -323 -2.193 
-14.65 -371 -2.133 -419 -2.080 
-15.65 -422 -2.077 -461 -2.038 
1400®C -3.65 — — — — 
-4.65 -5 -4.003 — — 
-5.65 -9 -3.748 -4 -4.099 
-6.65 -24 -3.322 -19 -3.423 
-7.65 -43 -3.068 -35 -3.158 
-8.65 -77 -2.815 -78 -2.810 
-9.65 -107 -2.673 -135 -2.572 
-10.65 -155 -2.512 -177 -2.454 
-11.65 -20 3 -2.384 
-12.65 -262 -2.284 
-13.65 -316 -2.202 
-14.65 -533 -1.975 
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APPENDIX B 
Table Bl. Values of log^g and AH^ (.9 5% confidence level) for average data 
L09io X 900 ®C 1000*C 1100«C 1200*C 1300®C 1400®C ± t'Sb 
-3.75 -15.58 -13.10 -10.48 -8.36 -6.32 4.26 ± 0.47 
-3,70 -16.08 -13.35 -10.71 -8.58 -6.53 4.38 ± 0.28 
-3.65 -16.57 -13.71 -10.94 -8.79 -6.74 -4.72 4.60 ± 0.30 
-3.60 -17.06 -14.07 -11.17 -9.00 -6.96 -4.95 4.70 ± 0.24 
-3.55 -17.56 -14.42 -11.40 -9.21 -7.17 -5.18 4.81 ± 0.22 
-3.50 -18.05 -14.78 -11.63 -9.43 -7.38 -5.42 4.91 ± 0.28 
-3.45 -18.54 -15.14 -11.86 -9.64 -7.59 -5.65 5.01 ± 0.37 
-3.40 -19.04 -15.49 -12.09 -9.85 -7.80 -5.88 5.12 ± 0.47 
-3.35 -15.85 -12.32 -10.07 -8.01 -6.12 5.06 ± 0.78 
-3.30 -16.21 -12.55 -10.28 -8.22 -6.35 5.12 ± 0.91 
-3.25 -16.57 -12.79 -10.49 -8.43 -6.59 5.18 ± 1.03 
-3.20 -16.92 -13.02 -10.70 -8.65 -6.82 5.24 ± 1.15 
-3.15 -17.28 -13.25 -10.92 —8 .86 -7.05 5.30 ± 1.29 
-3.10 -17.64 -13.48 -11.13 -9.07 -7.29 5.36 ± 1.43 
-3.05 -17.99 -13.71 -11.34 -9.28 -7.52 5.42 ± 1.56 
-3.00 
-13.94 -11.56 -9.49 -7.75 4.71 ± 0.16 
-2.95 -14.17 -11.77 -9.70 -7.99 4.71 ± 0.24 
-2.90 -14.40 -11.98 -9.91 -8.22 4.71 ± 0.29 
-2.85 -14.63 -12.19 -10.12 -8.45 4.73 ± 0.40 
-2.80 -14.86 -12.41 -10.83 -8.69 4.71 ± 0.42 
-2.75 -17.09 -12.62 -10.55 -8.92 4.71 ± 0.47 
-2.70 -15.32 -12.83 -10.76 -9.15 4.71 ± 0.53 
-2.65 -15.55 -13.05 -10.97 -9 .39 4.71 ±. 0.59 
Table B2. Values of log^. P_ and AH- (95% confidence level) for averaged re­
duction data 2 2 
logio X 900 ®C 1000"C 1100°C 1200°C 1300°C 1400 °C ± t'Sb 
-3.80 -15.54 -12.81 -10.20 4.26 ± 0.43 
-3.75 -15.99 -13.16 -10.46 -5.52 4.41 ± 0.43 
-3.70 -16.44 -13.51 -10.72 -5.77 4.57 ± 0.44 
-3.65 -16.88 -13.86 -10.99 -8.10 -6.02 -4.24 5.01 ± 0.40 
-3.60 -17.33 -14.22 -11.25 -8.37 -6.27 -4.50 5.09 ± 0.37 
-3.55 -17.78 -14.57 -11.51 -8.64 -6.52 -4.77 5.16 + 0.35 
-3.50 -18.22 -14.92 -11.78 -8.91 -6.77 -5.03 5.23 ± 0.35 
-3.45 -18.67 -15.27 -12.04 -9.18 -7.02 -5.29 5.33 ± 0 .37 
-3.40 -19.11 -15.62 -12.31 -9.45 -7.27 -5.56 5.37 ± 0.41 
-3.35 -15.97 -12.57 -9.72 -7.52 -5.82 5.40 ± 0.73 
-3.30 -16.33 -12.83 -9.99 -7.77 —6 .08 5.44 ± 0.81 
-3.25 -16.68 -13.10 -10.26 -8.02 -6.34 5.49 ± 0.87 
-3.20 -17.03 -13.36 -10.53 -8.27 -6.61 5.54 ± 0.97 
-3.15 -17.38 -13.63 -10.80 -8.52 -6.87 5.61 ± 0.92 
-3.10 -17.73 -13.89 -11.07 -8.77 -7.13 5.61 ± 1.07 
-3.05 -18.09 -14.15 -11.34 -9.02 -7.40 5.66 + 1.18 
-3.00 
-14.42 -11.61 -9.27 -7.66 5.18 ± 0.96 
-2.95 -14.68 -11.88 -9.52 -7.92 5.18 ± 0.97 
-2.90 -14.94 -12.15 -9.77 -8.18 5.19 ± 0.98 
-2.85 -15.21 -12.42 -10.02 -8.45 5.19 ±. 1.03 
-2.80 -15.47 -12.69 -10.27 -8.71 5.20 ± 1.04 
-2.75 -15.74 -12.96 -10.52 -8.97 5.21 ± 1.06 
-2.70 -16.00 . -13.23 . . -10.77 -9.24 5.21 + 1 .10 
Table B3. Values of logu.* AfT. (9 5% confidence level) for averaged oxida 
tion data ^2 "z 
l°9lO* 900*0 1000°C 1100°C 1200°C 1300°C 1400*C ± t'Sb 
-3.80 -15.01 -12.51 -10.48 -8.64 -6.73 -4.96 3.87 ± 0.44 
-3.75 -15.47 -12.86 -10.65 -8.81 -6.91 -5.16 3.98 ± 0.31 
-3.70 -15.92 -13.21 -10.82 -8.98 -7.09 -5.36 4.08 ± 0.22 
-3.65 -16.38 -13.56 -10.99 -9.15 -7.28 -5.56 4.18 ± 0.20 
-3.60 -16.83 -13.90 -11.16 -9.32 -7.46 -5.76 4.29 + 0.27 
-3.55 -17.28 -14.25 -11.32 -9.49 -7.64 -5.96 4.39 ± 0. 39 
-3.50 -17.74 -14.60 -11.49 -9.66 -7.82 -6.16 4.50 ± 0.52 
-3.45 -18.19 -14.95 -11.66 -9.83 -8.01 -6.36 4.60 ± 0.66 
-3.40 -18.64 -15.30 -11.83 -10.00 -8.19 -6.5!) 4.71 ± 0.79 
-3.35 -15.65 -12.00 -10.17 -8.37 -6.75 4.57 ± 1.28 
-3.30 -16.00 -12.17 -10.34 -8.55 -6.95 4.64 ± 1.47 
-3.25 -16.35 -12.33 -10.51 -8.73 -7.15 4.71 ± 1.67 
-3.20 -16.69 -12.50 -10.68 -8.92 -7.35 4.77 ± 1.86 
-3.15 -17.04 -12.67 -10.86 -9.10 -7.55 4.83 ± 2.04 
-3.10 -17.39 -12.84 -11.03 -9 .28 -7.75 4.90 ± 2.24 
-3.05 -17.74 -13.01 -11.20 -9.46 -7.95 4.97 ± 2.43 
-3.00 -13.18 -11.37 -9.65 -8.15 3.80 + 0.32 
-2.95 -13.35 -11.54 -9.83 -8.35 3.81 ± 0.21 
-2.90 -13.52 -11.71 -10.01 -8.55 3.79 ± 0.18 
-2.85 -13.68 -11.88 -10.19 -8.75 3.76 ± 0.17 
-2.80 -13.85 -12.05 -10.38 -8.95 3.73 ± 0.14 
-2.75 -14.02 -12.22 -10.56 -9.14 3.72 ± 0.12 
-2.70 -14.19 -12.39 -10.74 -9.34 3.70 ± 0.11 
-2.65 -12.56 -10.92 -9.54 3.70 ± 0.19 
-2.60 -12.73 -11.11 -9.74 3.66 ± 0.17 
-2.55 -12.90 -11.29 -9.94 3.62 ± 0.20 
